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An Interpretation of Some Published Researches 
on the Alkali-Aggregate Reaction 


Part 1—The Chemical Reactions and Mechanism of Expansion 


SYNOPSIS 


Research results are interpreted as having the following indications: The 


relative reactivity of a given form of silica is determined by the number of in 


t« rrupted silicon-oxygen-silicon linkages, a matter of speciiic surlace ind 
holes’ due to disorderly atomic arrangements Caustic attack on reactive 
silica in the presence of excess lime produces a nonswelling lime-alkali-silies 


complex if chemical equilibrium is reached. In affeeted concrete some of this 
complex is produced, but abnormal swelling is due to the formation of an 
ikali-silica complex which is not in equilibrium with lime. The persistence 
of the nonequilibrium product appears to be due to the inability of lime to 
diffuse into the reactive particle where alkali-siliea complex has formed. Es 

pansion of conerete is probably due primarily to the swelling of solid alkah- 
silica complex, but it may also be due to hydraulic pressure generated b 


osmosis, or by both mechanisms 


INTRODUCTION 


The various papers pertaining to the cement-aggregate, or alkali-aggregate, 
reaction that have now been published represent an impressive body of re- 
search In spite of this, the chemistry and physies of the phenomena have 
by no means been fully worked out. Various authors have effectively in- 
terpreted their data, but it seems that uncertainties and divergences of view- 
point exist that might be reduced if greater efforts at synthesis were not 
made. The present paper (in two parts) is offered as one such effort. In it 
we bring some of the principal facts together, and endeavor to interpret them 
from a single point of view. Hypothetical and speculative elements in this 
interpretation will be recognized, though more so in the second than in this 
initial part of the paper. We hope, however, that the hypothetical elements 
may lead to further experiments by various investigators so that the eventual 
solution of these matters may thus be brought nearer 

Since historical reviews are available in the literature,'°* we shall now 
reproduce one here, assuming that the major results of the many laboratory 
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and field investigations that have been reported since T. KE. Stanton’s dis- 
covery® of caustic attack on reactive silica in concrete are familiar to the 
reader, at least in a general way. Moreover, we shall not attempt to cite 
all the published work that might have a bearing on our discussion or to 
evaluate all such researches; our object. is to present certain hypotheses by 
making use of such published data as seem best suited to that purpose. Al- 
though the scope of this discussion is thus limited, we have reason to believe 
that if our principal hypothesis is valid at all, it might apply also to conditions 
not specifically considered here. 

The phenomenon to be explained presents four aspects: (1) the nature 


of the reactions ultimately responsible for expansion that may occur when 


the concrete contains silica in a reactive form; (2) the mechanism of the 
abnormal expansion; (3) the safe amount of alkali; and (4) the control of 
alkali by finely divided reactive silica. The first two of these four aspects 


are discussed in this paper. The last two are discussed in the second, final 


paper 
THE CHEMICAL REACTIONS 


The caustics that attack opal or other reactive silicas are known to be 
sodium and potassium hydroxides, commonly derived from the alkalies in 
portland cement. The caustics may also come from alkali-bearing zeolitic 
minerals if these happen to be constituents of the aggregate, the lime from 
the cement displacing the alkali from the zeolites. Under some cireum- 
stances the caustics may be obtained from solutions outside the affeeted 
concrete. Ordinarily the caustics are derived from the cement. 

The reactive aggregates most often mentioned are those containing opal 
or acidic minerals in the vitreous state. Microscopical observations reported 
by various Investigators support the conclusion that the caustic attacks the 
surface and ‘gradually penetrates the reactive particle. This sometimes 
produces a structural alteration recognizable as a “reaction rim.”’ 

When evaporable water in the concrete is scarce and the alkali concen- 
tration not too high, the reaction product is a solid. If more water becomes 
available, the reaction product becomes softer, reaches a jellylike consis- 
tency, and may become a colloidal solution (a sol) or even a true solution 
Kixcept when the reaction product is obviously fluid, it should be regarded 
as a gel, whether or not it exhibits a jellvlike appearance. When it is dry 
and friable, all it lacks, we believe, is water to give it the appearance normally 
associated with the term ‘gel.’ 

Reactive silica 

To reach an understanding of the chemistry of the caustic attack we may 
start with a consideration of reactive siliea. A few years ago P. C. Carman‘ 
presented a discussion of the properties and behavior of colloidal silica, in- 
terpreted, as he said, in the light of modern views on the structure of silica 
and silicates. We shall therefore draw freely on Carman’s paper. 

As already mentioned, many investigators have found opal and various 





ALKALI-AGGREGATE 


siliceous voleanic rocks to be reactive 





REACTION 


499 


Opal is a highly condensed silica gel 


Vitreous rocks are glassy, an indication that the melt cooled too rapidly to 


permit 


an orderly growth of erystals 


By applying Carman’s hypothesis 


concerning silica gel and vitreous silica, we found a plausible explanation of 


what 


makes some forms of silica reactive 


No attempt is made to deal with 


the more complex reactive rocks, though the findings concerning pure silica 


are 


reactivity of other rocks 


In all forms of silica the basic structural unit is a silicon ton, S74 


by four oxygen ions, O 


suggestive of the physicochemical factors that probably 


the arrangement being that of a 


influence the 


, surrounded 
tetrahedron \ 


particle of crystalline silica is made “up of such tetrahedra, the tetrahedra 


being linked together through their vertices, each vertex being occupied by 


an oxvgen ion that is common 


various ervstalline forms of silica, 
three-dimensional network, 


to produce a random 


to two tetrahedra 
tetrahedra 
while, in 


three-dimensional 


‘Tm the 


ih ori nted 


(‘Carman says 
are linked to form 
linked 


that 


Vitreous silien tetrahedra are 


network It seems obvious 


similar principles should be applied to the constitution of colloidal siliea”’ 


in the present case, silica gel 


The structure of silica can be 


diagram such as Fig. | 


represented on one plane by a 


(also after Carman 


chematic 


In the diagram, the tetrahedron 


composed ola silicon Ion surrounded hy hour oxygen tons } repre ented 
arbitrarily, by a square with the four oxygen ions at the corners and the 
silicon ion in the center. This shows how a continuous structure is) built 


each oxygen ion being linked to two silicon tons 


The 


three-dimensional 


counterpart of this structure would form « silica erystal 


In the interior, the valence of each ton is satished 


two for each oxygen 


Hlowever, for the chemical COMpoOsition Ol the whole to be S7O 


four for each silicon and 


These ions therefore do not carry unneutralized charge 


the tetrahe dra 


at the surface of the erystal cannot be completed The oxvgen ion at the 
surface can be bonded to only one silicon ion instead of two as in the interior 
Thus it is left with one unsatisfied negative charge. Similarly, each silicon 
ion at the surface lacks one oxygen jon and it) correspondingly bears one 
unsatisfied positive charge 
If moisture is available, the charges o P — 
on the surface of the siliea bring about s* ei* s* region 
/ | 
, s 
surface hydration, as illustrated in 0 0 ry 0 o oOo 
ol ly eT / ‘ 
lig. 2 The positive hydrogen jon » P P ly 
lo 0 ° 0 0 0 
from the water joins with the negative ; 2 7 ong 
> 
; , 
oxygen ion on the surface of the silica oo, a a se 
4 al 4 
particle and the hydroxyl ion, O// si Pus P wz oer 
, rts. 2 o («OO o (0 
from the water joins with the posi- , / a Zi 
j St. si. ? i 
tive silicon ion, thus completing the fe N ff “ey 
_— Nly ‘ 
silicon-oxvgen tetrahedron The re- —-si- —- -8si- — —si- -- 
ya s ”™ 7 


sult is a surface layer of OH groups 
Water held in this 


manner may be 


Fig. 1—Unhydrated surface of silica (Diagram- 
matic) 
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” o# » # 4 W Gortees roses regarded as adsorbed water, since the 
' ' ' ‘ '‘ ' (ry drote ? 
o 29 ° £7 ° - } quantity is proportional to the surface 
si $i si 
o “s  % sf 4 area and not to the total amount. of 
s a / 
$ $ $: : silica 
fo ¢ r “ce % an 
a a” a’! eiiaten Phe hydrogen 1On held by an OX\ 
4 ‘ 4 » 
yo 9 (0 0 0 ‘o gen jon at the silica surface is bound 
si Py si / / P : , , 
Pe ah» af ‘7 less firmly than is the O/f group as a 
4 s ¢ 
si $i si : whole. Hence, ionization in an “que 
4 4 4 ‘ 
oe it a ous medium frees some of the hy 
‘ - - p~e = ~ $i —_— = » 
Va . Z drogen, producing free hydrogen ions 
Fig. 2—Hydrated surface (Diagrammatic) Phe surface of the silica particle there 


fore is weakly acidic 

This explains why the chemical properties of silica are influenced signifi 
cantly by the degree of subdivision of the siliea or by the imperfections in 
its crystal structure. If the sillea particle is macroscopic (low specifie sur 
face), its acidic character is not noticeable because the number of hydrogen 
1ons pel mole of S7O. is almost vanishingly small, for the hydrogen ions are 
produced only at the boundaries of the particle Obviously, if smaller particles 
are produced by subdivision of a macroscopic particle, the number of ad 
sorbed water molecules and hence the number of free hydrogen ions pet 
mole of siliea increases and the “reactivity” increases 

There is a limit to the possible subdivision of a silica particle. This limit 
is a single silicon-oxygen tetrahedron which with its hydrogen ions obtained 


trom water corresponds to orthosilicie acid, 748704, 01 


Oll 
Oll Si Oll 


Of 


Hlowever, in a pure aqueous solution silicic acid does not remain unasso 


ciated. By “condensing,” or joining together through splitting off water 
molecules of orthosilicic acid tend to produce stlies particles of colloidal 
size with only the surface of the particles remaining hydrated. The solution 
becomes one of colloidal siliea, that is, a silica sol 

If the silien concentration In a silica sol exceeds about | percent, the silies 
ix able to undergo further condensation by a linking together of colloidal 
particles to form «a continuous structure having some degree of rigidity. Such 
condensation also involves the splitting off of water and the forming of new 
silicon-oxvgen-silicon linkages. The silica sol becomes silica gel 

The gel, at first a weak, open framework of solid material, becomes more 
concentrated by drying and shrinking; that is, the strueture tends to collapse, 
forming additional silicon-oxygen-silicon linkages. The gel thereby becomes 


harder and stronger This process carried further produces the silica gel 


known in nature as opal 
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Vitreous silicas are similar to a condensed silica gel in one important re 


spect. The silicon-oxygen tetrahedra are linked together to form a three 
dimensional network, but the network encloses many holes that would not 
have been present had an orderly erystallization been possible. Each hole is 
the site of unsatisfied silicon and oxvgen charges Because of the difference 


in manner of formation, the surface ions of oxygen and silicon in vitreous 


silica are probably not initially hydrated, as in silica gel, nor are the holes 


likely to be immediately accessible to water as are the pores in silica gel 


\ dense silica gel or a vitreous silica cannot be peptized (dispersed) by ex 
posing it to water. However, silica can be peptized by strong alkalies. The 


first step in the reaction with sodium hydroxide is as follows:* 
Si-O Va Ol Si-O Na + HWA 
From this we see that the initial aetion of sodium hydroxide is an acid-base 
neutralization, for a surface hydrogen ion unites with a free hydroxyl ton to 
lorm i tree water molecule, leaving it negatively charged surince-oxyvgen 
atom satisfied by a sodium ion. This is the end condition when a dilute 


solution of sodium hydroxide is used If the sodium hydroxide concentra 


tion is higher, the following further reaction takes place, given enough time 
Yt.nf Jum, >? ; 2NaOll Si-O” Na + Nat) Si t. Jf 
Thus, as high enough concentration, the sodium hydroxide not only remove 
and neutralizes the surface hydrogen ions, but also severs silicon-oxygen 
silicon linkages that hold the whole mass together The reaction at the 
broken linkages is similar to that at the surface. By thi 


process, amorphou 
silica is reduced to colloidal particles (a silica sol); higher hydroxide concen 
trations produce smaller sol particles. This is the reaction that evidently 
takes place when caustic alkalies attack opal or vitreous silica im conerete 
It is an attack brought about by the aggressive effect of the O/7~ ion The 


alkali hydroxides are capable of more aggressive action than other hydroxides 


primarily because they are more soluble and can produce higher hydroxy! 
lon concentrations 

This modern interpretation of silica reactivity as given by Carman explain 
why it is that the various investigators have found different ratios of silica to 
ilkali in the gel deposits and exudations of affeeted concrete. As the alkali 
invades a reactive particle, opal for example, the first stages of the attack 
will break only the most accessible and weakest silicon-oxygen-silicon link 
ages.t This will weaken and soften the stone with at first not much change 
In its appearance As the process continues, the silica gel becomes more and 
more peptized, the particles of colloidal silica thus produced becoming smaller 
The caustic action Is accompanied by an invasion of water which produce 


<welling. Hence, a sample taken at any given time during the course of the 


Phe reader may note that this expression shows the reaction of a surface silicon atom with ite ad 


vd) OH group and the sodium hydroxide in solution Phe sodium r 


in ion, held by the negatively charged oxygen 


sorbed (« 
eplaces the hydrowen of the OM grou, 
itom bound to the silicon aton 
In a random structure, bonds of the same kind do not necessan 


y have equal strengths 
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Ary 


attack will contain a ratio of soda to silica that depends on the stage of pep- 


tization that has been reached at the time the sample was taken. The higher 
the ratio of soda to silica, the higher the degree of peptization. It is there- 
fore correct to speak of the product as an alkalic silica as did McConnell 
Mielenz, Holland, and Greene® or as an alkali-silica complex as did Vivian 
rather than a definite alkali silicate 


Occurrence of alkali-silica complex in concrete 

The occurrence of an alkali-silica complex in concrete seems at first to be 
an anomaly. Along with the necessary reactive silica and alkali hydroxides 
the conerete contains also an abundant supply of calcium hydroxide, which 
should keep the liquid phase (in the concrete) saturated with this component 
Now, calcium hydroxide reacts with alkali silieates to form relatively in- 
soluble products. How is it, then, that the alkali-sillea complexes can form 
and persist without interference from the calcium hydroxide? We shall dis- 
cuss this question after first presenting evidence, obtained by Ihalousek,' 
regarding the products to be expeeted under equilibrium conditions. 

Kalousek found that when Ca(O//)., NaOlM, and S/:Og-aq and water are 
intermixed the reaction product is composed of all four constituents. The 
composition of the product depends on the amount of alkali available, for 
the proportion of soda in the solid is dependent on the concentration in solu- 
tion. When the liquid phase is saturated with calcium hydroxide, the equili- 
brium products are as given in Table | \t least within the range of alkali 
concentrations included in Table 1, the product is a white precipitate not at 
all resembling the jelly-like deposits or exudations often found in affected 
samples of concrete. The product is predominantly a calcium silicate with a 
part of the lime replaced by alkali, As the concentration of alkali is lowered, 
the composition of the product approaches that of hydrated dicaleium: sili- 
cate. At soda concentrations above 20 g per liter, the product contains 
about one mole of lime and one-fifth to one-fourth mole of alkali per mole of 
sihies 

Kalousek assumed* that the calcium silicate product formed ino hydrated 
portiand cement might be fundamentally like the gels formed in his experi- 
ments. If so, alkali would be a constituent of cement gel, and the concentra- 
tion of the alkali in the free water in the paste would be predictable on the 
basis of Table | from the ratio of alkali to siliea in the cement. In connec 
tion with preparing this paper a series of analyses was performed, to check 
the validity of this assumption. We found that cement gel does not take up 
as much alkali as do the gels formed from the reaction between lime, alkali 
and silica under the conditions of Kalousek’s experiments (Table 1 The 
work leading to this conclusion is deseribed ino an appendix The experi- 
ments enabled us to determine the approximate, actual distribution of alkali 
between the solid and liquid phases in portland cement paste. These experi- 
ments were made with water-saturated, hardened pastes. They show (for 
varied alkali contents in cement) the strengths of the alkali solutions that 


*Later work has led him to a different conclusion. 
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TABLE 1—SOME OF KALOUSEK'S DATA ON THE EQUILIBRIUM PRODUCTS OF 
MIXTURES OF SODA, LIME, SILICA, AND WATER WHEN THE LIQUID PHASE IS 
SATURATED WITH CALCIUM HYDROXIDE 


( n of solution ( pos ! i we in eq ! s t 
jn" t la itios 

Vat) Cad SO Nat) Catli*® Ta) Hea 

i) )  u] 7 oO OO | s 1 (*) 
4 0 7 0 00 oO O4 1.47 roo ; 
0 100 1) OOS 0 O7 | 1 oo 0 
’ 0 O49 oO} ou 1 18 1 oo >y 
Jl ¢ 00 0 O14 OW 1 05 1 oo 7 
0 OF 0 O71 tT] l 1 oo 1 oo ( 
5004 0 Ol 0 178 0.2 0 a7 1 oo 7 
75 0 oO] 0 220 0 { 10 1 oO " 
100+ 0 O01 0 408 0.25 1 O4 1 oo ‘ 

*These are Valousek's computed slues The slues for the othe oxides were obtained | inal 


develop and make possible the attack on reactive aggregate. The results are 
given in Fig. 3. The concentrations generally lie below 15 g Na.0 per liter 
which is a NaO// concentration of about one-half mole per lites Ol course 
when the paste Is not water-saturated, the strength of caustic solutions may 
greatly exceed the limits indicated in Fig. 3 

Kalousek’s findings should apply to the reaction between the caustic solu 
tion in the conerete and a reactive mineral in the aggregate such as opal; 
such a reaction is clearly within the lime-soda-silica-water system that he 
studied.* The anomaly spoken of earlier is that the product which such a 
svstem apparently should produce is not that which has been found in sample 
of affected concrete.t Instead, at least part of the product of the reaction | 
made up principally of alkali, siliea, and water Knowing that the reaction 
ean occur within the boundaries of an opal particle, we can conclude that the 
calcium hydroxide in’ the 











solution external to the 3 S20L - 
mineral boundary does not .. _- 
he particl * a 
penetrate the particle as ai 
far as the alkali does = 515 
When deposits of alkali- FY 
se 
silica complex are found =, ® 
°% 
in concrete, they are found § 3°} 
in particles ol reactive 5 2 
, $s 
aggregate or in adjoining g¢§ , 
rrr Oo <= 
eracks or voids. The alkali ° 2 5+ / 
that produced these depos- é $ 4 
4 _ . 
its must have come from, or 83 
: ‘ aCe arts is) 1 4 Anil 4 ——————E 
through, adjacent parts of © 02 04 06 O08 10 12 14 16 186 20 


the eoncrete Viv jan?® ‘7 
Alkali Content of Cement, % (os Ne,0) 
and others have demon- ; ; ; ; 
Fig. 3—Concentration of aqueous solutions in hardened 
strated that alkali (also 


cement paste 


*Kalousek's experiments involved soda but not potas! Since Ka seems to act approxima k aw 
slkali-aggregate reaction, equivalent stoichiometry is assumed, on a tentative basis 
tKalousek recognized this anomaly and suggested that Hansen's theory® of a semipermeable membrane 


min it 


ext 
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water) does diffuse from one region to another during the course of the alkali 
attack As soon as the alkali in immediate contact with the reactive mineral! 


is used up, diffusion brings more alkali to the border of the mineral par- 


ticle and carries it on into the particle as the attack proceeds. If lime takes 
part in the reaction, it also must diffuse into the reactive particle since, in 
the early stages at least, the silica is immobile 

The solution in cement paste is normally saturated with lime, since solid 
calcium hydroxide is formed Hlowever, owing to the common ion effect 
alkali hydroxide depresses the calcium jon concentration. This is borne 
out by the data of Table 1, where the solutions of low silicate concentration 
are primarily solutions of the two hydroxides Krom the data on alkali 
concentrations Obtained in our experiments on cement pastes, we know that 
initially the alkali hydroxide concentration expressed as equivalent Va,0 
may be as high as 15 g¢ per liter. The corresponding concentration of Ca0Q 
would be about 0.02 g per liter. But, in the lime-alkali-silica complex the 
amount of lime exceeds the amount of alkali at least four to one If such 
product is to be formed as lime and alkali diffuse toward the interior of the 
reactive particle, the lime must reach the reaction site much faster than the 
alkali can react. The solubility data just noted suggest that the necessarm 
amount of lime may not reach a reaction site at the necessary rate 

experimental evidence cited in a paper to follow this one is interpreted 
to mean that the lime-alkali-siliea complex is produced under some cireum 
tances and that therefore lime sometimes does manage to reach a reaction 
ite fast enough. It will be shown that when the alkali content is sufficient! 
low, opal particles as big as 16°30 mesh may perhaps be converted com 
pletely to the lime-alkali-siliea complex. It will be shown, though, that at 
higher alkali concentrations the lime is apparently not able to diffuse over : 
distance as great as this at the required rate 

Although consideration of relative solubilities and diffusion and reaction 
rates can account for the formation of the alkali-silica complex in the presence 
of an excess of calcium oxide, it does not account for the persistence of the 
alkali-silica complex over a period of years. The alkali-siliea complex is not 
in equilibrium with the lime external to the reactive particle, even though 
the amount of lime in solution may be low. Unless there is some specia 
hindrance to the passage of the calcium tons, they should gradually con 
vert the alkali-siliea complex to the insoluble complexes described by Kalousek 

Such special hindrance does seem to exist, as shown by experiments re 
ported by van der Burgh in 1932,° and other experiments reported more 
recently by Vivian®®-®), Vivian placed a viscous sodium silicate gel in an 
open tube and then immersed the whole in a saturated calcium hydroxide 
solution. Gradually a white precipitate formed which it is reasonable to 
believe must have been one of the kind found by Walousek in his equilibrium 
studies. This precipitate occurred entirely in the laver of calcium hydroxide 
The line of demarcation between the calcium hydroxide solution and the 
gel remained unchanged and no precipitate formed below the line at any time 
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during the experiment, at least so far as was apparent to the eve. The orig 
inally VISCOUS alkali ge| gradually softened and finally became fluid This 


experiment demonstrated that sodium silicate diffused into the upper layet 
and reacted with the calcium hydroxide, and that the calcium hydroxide did 
not diffuse appreciably into the alkali-silicate layer 


Van der Burgh’s experiments differed considerably from Vivian's, but 
perhaps were even more striking. Van der Burgh prepared silica gel using 
sodium silicate and hydrochloric acid. Thus, sodium chloride was a by 
product He placed some of the unwashed gel in water maintained saturated 
with caleium hydroxide. A white, coherent layer of reaction product formed 
over the silica gel but after some weeks did not become thicker \liero 


scopic examination revealed that under this layer, which was about 0.5 mm 
thick, there was a layer of liquuid several millimeters thick When van det 
Burgh repeated the experiment with washed gel, he obtained an outer lave 
of reaction product but no liquid layer underneath. Ile concluded that after 
t sufficient thickness of solid reaction layer had formed, this layer could no 
longer be penetrated by calcium ions, but could be penetrated by the othe: 
ions present. ‘Thus, in the case of the unwashed gel, the diffusion of the other 
LOTS would bring hvdroxy] LOTS helow the lave In exchange lor chloride 1On 

This would produce sodium hydroxide, and, in the absence of calcium ion, a 
soluble sodium silicate would be formed hence, the liquid layer Van der 
Burgh thought of the solid reaction laver as a caleium silicate, but we judge 


that the product that formed in contact with the sodium hydroxide must 


have been a lime-soda-silica complex It is of interest that van der Burgh 
estimated the thickness of the solid reaction layer at 0.5 mm, which is about 


20 thousandths of an inch 


From both Van der Burgh’s and Vivian’ experiments 11 ippeal thiat 
layer Ol lime-alkal shies complex Can so hinder the Piuissape of calenum ion 


as to bring it practically to a stop 


It thus seems to be established that the initial attack of the thka ind 


lime builds up a zone of lime-alkali-silica complex whieh, when it reaehe 


requisite thickness, hinders the diffusion of calcium tons across the boundary 
region ol the reactive particle but at the same time allows alkali and water to 
pass. This enables deposits of pure alkali-siliea complex to form and remain 
in concrete for an indefinite period. As will be seen in the following paper 


the thickness of the layer of lime-alkali-silien complex l probably not the 
sume under all conditions but is dependent on the concentration of alkal 


and possibly on other lactors 


In the paper to follow this one we shall atte mipt to how that when lime 
diffusion is hindered, the alkali-aggregate reaction produces an expansive 


gel; also that under certain conditions lime diffusion is not so hindered and 


the reaction produces & NONeXpansive ge! 
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MECHANISM OF EXPANSION 
Hansen's osmotic pressure theory 

In 1944 W. C. Hansen® advanced the theory that the abnormal expansion 
of concrete resulting from the reactions of caustic soda or caustic potash 
and reactive aggregate is due to hydraulic pressure (fluid pressure) generated 
through the process of osmosis. The generation of osmotic pressure as gen 
erally understood requires a solution, an external supply of solvent, and 
(between the two) a semipermeable membrane. In this case, Hansen con- 
sidered thé solution to be aqueous sodium silicate, the solvent to be water, 
and the membrane to be the hardened cement paste or mortar surrounding 
particles of reactive siliea. 

Hansen’s explanation is not accepted by all who have studied the phe- 
nomenon, Some have observed evidence of severe expansion where, they 
believed, fluid pressure could not possibly be the cause; in some cases, frac- 
tures developed through only the central portions of the reactive aggregate 
particles, without evidence that fluid had been present. In these cases, an 
expansive reaction rim still attached to the core of the particle is indicated 
lL. S. Brown of this laboratory has observed numerous examples of this kind 
and has for many years emphasized the significance of such observations 
As shown in reference 10, p. 586, and Table 5, first group, Vivian found that ex- 
pansion may develop in specimens stored in an atmosphere dried with calerum 
chloride.* Such observations have seemed to justify at least a reasonable 
doubt that fluid pressure is the cause of expansion 

Qn the other hand, almost all observers have, in some specimens, found 
pockets or cracks in the conerete filled with alkali-silica complex which could 
have funetioned as the solution part of an osmotic pressure cell. Moreover, 
Hansen's direct laboratory experiments demonstrated that sodium: silicate 
solutions in conjunction with cement paste or concrete as a semipefmeabl 
membrane do produce osmotic pressures. MeConnell, Mielenz, Holland, and 
(Gireene” confirmed Hansen’s experiments and demonstrated pressures ol 
considerable intensity 

With these different observations apparently unreconciled, it) seems to 
some that the problem is still unsolved and that an explanation in terms of 
an entirely different. mechanism should be sought 

We believe that the apparently conflicting evidence is actually in harmony 
and can be explained in terms of one fundamental cause. It can be shown 
that abnormal expansion could in all cases be due to the generation of a 
pressure by a process fundamentally like osmosis even when the concrete is 
relatively dry and lacks evidence that the expansion was caused by hydraulic 


pressure 
Extension of osmotic pressure theory 

To show how the apparently conflicting evidence Just mentioned can be 
reconciled we must first discuss the process of osmosis. Usually we think 


*No expansion with respect to original dimensions was observed; rather 


on this basis the specimens contracted 
However, relative to the dimensions of the control specimens after drying, the 
particles showed expansion 


speciinens containing reactive 
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that osmotic pressure develops from the tendency of a solvent to enter a 
solution under conditions where the resulting volume increase of the solution 
is resisted. Such resistance is manifested by a rise in hydrostatic pressure 
\lthough the phenomenon has been known for about 200 years, no single 
explanation of it suitable in all respects has been advanced. The explanations 
that are satisfactory in most respects are based on the theory of molecular 
bombardment, some authors holding that the bombardment of the solute 
molecules on the membrane confining the solution is indirectly the cause 
of the pressure, and others supporting the view that the pressure is due to 
the bombardment of the solvent molecules. The fundamental difficulties 
surrounding these theories are described by Cjlasstone,"! and others 
Fortunately, it is not necessary to visualize the mechanism of pressure 
generation to understand the conditions necessary to the generation of pres 
sure. Glasstone says: “In the study of osmotic pressure the essential point 
to be borne in mind is that for some reason connected with the solute mole 
cules the partial free energy, chemical potential or activity of a solvent mole 
cule is less in a solution than in the pure liquid; ” "This means that 
if conditions are such that water in concrete will lose some of its thermo 
dynamic activity or available energy when it moves into a region where 
alkali-siliea complex exists, that movement will occur regardless of the mech 
anism involved. Just as water seeks its own level under the influence of gravity 
thus reducing its energy of position (potential energy), it will tend to move 
within concrete in whatever way is required to equalize its available energy 


rae 7 . 
The relative vapor pressure of water is an index to its available, or “free 


energy. A body of pure water under a pressure of | atmosphere will evap 
orate In a closed space until a certain vapor pressure is produced, which 
vapor pressure is characteristic of water at the existing temperature. How 
ever, the water in a solution cannot maintain as high Vapor pressure as Can 
pure water. The difference in vapor pressure is due to the dissolved sub 
stance. The ratio of the vapor pressure maintained by the solution to that 


maintained by pure water is used by the physical chemist to calculate how 
much the free energy diminishes when water becomes part of a solution 

Thus, whenever the water at a given point in concrete has a Vapor pressure 
different from that of the water in another part, the water will tend to move 
from one region to the other in such a way as to reduce the indicated differ 
ence in free energy. Vivian’: °) demonstrated that water moved from a 
region in a test specimen where no alkali-silica complex existed to a region 
where it did exist. He thereby demonstrated that the water held by an alkali 
~ilica complex is at a lower free energy level than water external to the com 
plex. This means that pure water will enter the complex if such entry is 
physically possible, and may continue to do so until the complex is reduced 
to an infinitely dilute solution 

Suppose we have a means of applying pressure to a solution without apply 
ing pressure to the solvent, in this case water. We could find a particular 


pressure that would just prevent more water from entering the solution 
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The stronger the solution the greater the pressure required to prevent the 
entry of additional water. The magnitude of the pressure required to pre 
vent the entry of water is called the osmotie pressure of the aqueous solution 
The stronger the solution the lower the vapor pressure of the water it con 
tains and the higher the osmotic pressure 


To apply a pressure to the solution and not to the water, we must be able 
to keep the solution separate from the water and at the same time keep the 
olution accessible to the solvent — water. Keeping the solution separate from 
the water | accomplished by the semipermeable membrane which permits 
free passage of the water but not of the solute. The membrane is essentisa 
not only to permit the selective application of pressure, but also to prevent 
the solute from diffusing out, for it also tends to move to regions where it- 
free energy will be lower 


Actually, a membrane need not have the properties of a molecular sieve 
one that holds some atoms or groups of atoms and lets others pass \n 
rigid, permeable layer separating the solution from the solvent will allow 
some osmotic pressure to develop if the rate of diffusion of the solute through 
the layer is lower than the rate of diffusion of the solvent The duration ot! 
the osmotic pressure and the fraction of the theoretical pressure that ean be 
developed by such an imperfect membrane depends on the relative rates o! 
diffusion and on the permeability of the layer, that is, the membrane 


In the experiments conducted by Hansen, and by MeConnell, Muelenz 
Holland, and Greene, a sodium silicate solution was separated from pure wate) 
hy a wall of conerete or cement paste, the wall forming one side of a closed 
chamber. If sodium silicate was able to eseape from the chamber through the 
wall of concrete or paste at all, it did so more slowly than pure water could 
move through the wall Consequently, it Was possible for the experimenters 


to develop pressures as high as 500 psi as the water moved into the solution 


What we have just deseribed is osmotic pressure and an osmotic-pressure 
cell in its most familiar form. Tlowever, osmotic pressure can develop under 
conditions quite different from those just deseribed. Let us consider, for 
example, a solution which is by nature immobile. There are certain solids 
that can take up water and swell. Certain clay minerals are erystals which 
can be penetrated by water in a manner that can be regarded as solution 
When water is taken in, the erystal expands. The water might be prevented 
from entering by applying a suitable counteracting pressure to the solid 
We may call this osmotic pressure developed without the aid of a semiperme 
able membrane. * 


When the solvent enters such a “solution” the amount of expansion possible 
is limited by the “solubility.” The pressure required to prevent expansion 
will depend upon the degree to which the solid has beeome saturated; the 


higher the degree of saturation the smaller the osmotic pressure. 


*The “solute” remains, in this case, attached to the erystal. Suel 


ittachment performs the sare 
as a semipermeable membrane when the dissolved ions or molecules are free t 


» move 








Thus it is that, if the solution Is sa liquid, Osmotic pressure can be gene) 
ated only with the aid of a semipermeable membrane, the pressure being 
hydrostatic But if the solution is a solid, the semipermeable membrane | 
not essential 

At this point we begin to deal with variants of the usual concepts Ob sol 
vents and solutions, and we encounter problems in terminology It is not 
customary to use the term “osmotic pressure’? in connection with solid 
Osmotic pressure has always been dealt’ with experimentally and in the text 
books as hydraulic pressure. The force exerted by the swelling of a solid 
is customarily called swelling pressure \Mloreover, the solids most often 
dealt with in connection with swelling in water sare not regarded as being in 
“aqueous solution Such solids are called gels and the water uppo ed to by 
in the gel and not vice versa. The solid part of the gel plays the role of solvent 
the water, the role of solute But the water in such a system is not called 
solute nor is the gel called a solvent Instead, the water is said to be adsorbed 
on the surfaces of the small particles of solid maternal making up the gel, on 
In some cases It may be regarded as adsorbed in interplanar spaces within the 
crystals 

A gel-water system is not called a solution for several reasons. lor example 
4 solution Is supposed to be a single, homogeneou phase containing two or 
more Components \ gel-water system is not considered to be homogeneou 

These various terms were brought into scientifie literature to deal wit 
differences that are mostly of degree Although adsorbed water cannot bn 
suid to be dissolved am the solid, it is sometimes thought of as being dissolved 
on the solid. That is to say, we use the term “surface solubility” (Gila 
tone, thid, p. 656 \ finely divided solid on which the water is “surface 
dissolved” (adsorbed) is made up of many small units, each of which is an 
aggregation OL many molecules, which molecular nugyvregation water 1 un 
able to disperse. If the water were able to disperse them fully, we would 
have a true solution and if some of the water tended to stick with some of the 
atoms of the dispersed solid (now « solute), we would probably speak of 
hydrated molecules or ions 

The distinctions intended by the different term ire clear when we are 
dealing with solids that are unmistakably vels on the one hand, and solu 
tions that sare unmistakably homogeneous on the other When dealing with 
borderline cases, the existence of the two sets of terminology | ometinn 
confusing 

The differences that give rise to these different nomenclatures are only of 
minor concern to us here. Whether water is held in a liquid solution, a solid 
solution, or a “surface solution,” an energy potential does exist between that 
water and free water, provided that the solution is not infinitely dilute o1 
that the gel is not already water-saturated. When equilibrium does not 
exist, the same kind of change will take place in each case that is, free water 


will tend to enter the solution or the gel, thus diminishing the initial free 


energy potential 
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Hence, to know that water will have a tendency to enter a given region 
we need only to establish that the water already in that region exhibits less 
free energy than the water outside; the particular mechanism by which the 
energy potential is created is a secondary matter. Conversely, when water is 
observed to move spontaneously from one region to another, we know that 
for some reason an energy potential exists 

Up to this point we have spoken of swelling as if it were produced by the 
imbibition of pure water. Actually, the liquid imbibed from cement paste 
isa solution. The free energy of the solvent (water) is less than that of pure 
water. The imbibition of water and swelling is due to the fact that the free 
energy of water in the alkali-silica complex is still lower than that of the 
water in the surrounding paste 

We need to keep in mind that although the mechanism by which the free 
energy of water is reduced is immaterial, different substances will show char- 
acteristic differences in the amount of water that they can take up while 
undergoing the same change in free energy. A relatively dry sodium silicate 
in which the residual water exhibits a vapor pressure equal to one-half that 
of bulk water at the same temperature would have to take up a large quan- 
tity of water and increase its volume several fold in order to raise the free 
energy of the water in the sample to, say, 98 percent of that of pure water. 
In contrast, for the same change in free energy, a portland cement gel could 
take up only a very small amount of water and would increase in volume only a 
fraction of | percent. 

As to the volume changes resulting from water imbibition, we know that if 
water enters a true solution, the volume increase of the solution will usually 
he some large fraction of the volume of water that enters. If water enters a 
dry gel, the volume increase of the gel is related in a very complicated manner 
to the amount of water that enters. This complication comes from the fact 
that ina dry or semidry state the gel is a porous solid possessing strength and 
elasticity. The first water that enters does not fill the pores. It becomes 
adsorbed and brings about energy releases that cause the solid to expand in a 
manner and to a degree not simply related to the volume of the water entering. 
The volume increase of the solid is due in part to the effeet of water in dimin- 
ishing the surface tension of the solid colloidal units of the gel. The surface 
tension of these solid units tends powerfully to compress them. Consequently, 
when this tension is reduced, the units expand. 

The changes in volume due to such surface tension effects are of conse- 
quence only when dealing with the changes of microscopic magnitude that 
occur in cement gel and the like. With such gels the solids that compose 
them are precipitated in water and the coagulation that solidifies them occurs 
in water. Consequently, at the time of formation the surfaces of the gel 
particles are completely saturated. For this reason these gels can imbibe 
water only if they have first been dried. When they do imbibe water, they 
are unable to imbibe any more than the amount required to resaturate the 


surfaces. Such gels usually cannot swell beyond their original dimensions. 
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A cement may, of course, undergo continued hydration, an effect not dealt 
with here 

The comparatively small volume changes of gels like cement gels are prob 
ably not due entirely to the surface tension effects just described. It is likely 
that some of the volume change is due to displacement of gel particles relative 
to each other. 

The alkali-siliea complex differs from cement gels in important respects 
An alkali-silica complex can be created in a practically dry state,! though in 
such a state it will not have the characteristic appearance of a gel. Such gels 
have the power to imbibe water and swell almost, if not. quite, without limit 
they are classed as unlimited swelling gels in contra-distinetion to the limited 
swelling type to which cement gel belongs. The ability to swell without limit 
is due to the peptizing effect of the alkali hydroxide in the complex, as men 
tioned in the preceding section 

When an alkali-silica complex imbibes water and swells, the swelling | 
probably due primarily to the displacement of colloidal units with respeet to 


each other, the volume changes due to changes in surface tension of the solid 


phase probably being comparatively small The displacement of particle 
produced by the alkali attack is apparently a dispersion process whereby the 
invading water penetrates between the interconnected particles gradual 


separating them. The water thus supplements the effeet of the alkali in 
causing the original solid to lose its rigidity——its vield value becomes smaltles 
and smaller. Finally, the gel seems to lose all its rigiditv and becomes fluid 
Kven when the water supply is too restricted to soften the gel very much 


the gel can be fluidized by a highly concentrated caustic We have alread 
seen that this is due to the almost unlimited peptizing ability of the caustic 


Casting back over the ground now covered we see that although the under 
lying cause is thermodynamically the same in all cases, the amount of water 
that can enter a gel under stipulated conditions depends on the physical and 
chemical characteristics of the gel, 7.e., whether it is of the limited swelling 
or unlimited type The alkali-siliea complex can form in the dry state and 
can swell on imbibition of water, apparently without limit, granted sufficient 
peptization. The other gel, a lime-alkali-siliea complex is evidently, like 


cement gel, of the limited swelling type 


We can conclude that swelling pressure able to cause conerete to dilate 


significantly beyond its original dimensions can be produced only by the 


gel of the unlimited swelling tvpe—the alkali-siliea complex If the alkal 
silica complex is fluid, and if it is confined, pressure may be generated a 
described by Hansen, that is, it may be hydraulic (osmotic If the comple 


is solid, that is, still a solid reaction rim, pressure may be generated through 
the swelling of the rim, even though eracks or cavities are present that would 
relieve hydraulic pressure. If the reaction rim, though solid, is plastic, semi 


hydraulic pressure could develop, the pressure being hydraulic to the degree 


that it is equal in all directions. The fundamental cause of swelling is the 
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same in all cases——the entry of water into a region where the effect of a solute 
or of adsorption reduces its free energy. 

The foregoing explanation of the mechanism of producing swelling through 
cement-aggregate reaction is in agreement with some features of explanations 
previously advanced, It involves the same mechanism proposed by Hansen 
The swelling is due to imbibition of water, as Hansen supposed, but it is not 


necessarily the result of hydraulic pressure maintained by a semipermeable 


membrane MieConnell, Mielenz, Holland, and Greene” concluded that 
‘osmotic pressure cells commonly are formed at the walls of reactive aggre- 
gate sockets.” They also concluded that the first-formed gels are viscous 


and low in water content, and that development of more fluid gel generally 
takes place only after fracturing has resulted. Vivian, whose explanation 
is nearly the same as ours, coneluded that no semipermeable membrane is 
involved that the expansion is due to swelling of solids only. We, on the 
other hand, believe that Vivian's conclusion was influenced by his observa- 
tions on small laboratory specimens. When cracks occur in such specimens, 
soft or fluid gels may exude to the surface without producing further swell- 
ing. In mass concrete, however, isolated cracks may fill with alkali-silicate 
solution, and thereafter the soft gel or solution in such cracks may develop 
osmotic pressure, the concrete itself functioning as a semipermeable membrane 
However, all such swelling is likely to be of less consequence than that which 
will have oceurred earlier, that is, the swelling that produces the cracks that 
later become osmotic pressure cells. Hence we agree with Vivian that solid 
swelling is probably the primary cause of damage. This is the position that 
LL. S. Brown of these laboratories has long maintained. Some of his evidence 
is set forth ina paper which will probably reach publication at about the same 
time as this one 


SUMMARY 


This first part of our paper has dealt with two of the four topics mentioned 
in the introductory paragraphs, namely, the nature of the reaction that may 
occur when conerete contains reactive silica, and the mechanism of abnormal! 
expansion when caused by alkali-aggregate reaction. Though only the 
reactions of “free”? or hydrous siliea were developed, it is believed that siliceous 
ylasses and silicates such as have been found to be susceptible to alkali attack 
may react in a somewhat analogous manner. Also, the mechanism of ex- 
pansion is probably the same or at least similar. The principal conclusions 
reached are summarized below, 


On the chemical reactions 

(1) Most reactive rocks are amorphous or contain amorphous constituents 
The amorphous constituent may be a condensed gel or it may be vitreous 
Both the gel and the vitreous states of silica are characterized by discontinuities 
in structure. Silicon and oxygen atoms are exposed at all surfaces, and at 
discontinuities. The exposed atoms do not have their chemical valencies 


fully satisfied within the solid. This leads to chemisorption of water, and to 
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surface reaction with caustic alkalies by both silica gel and vitreous silies 


2) Caustic alkali when sufficiently concentrated breaks silicon-oxvgen 
silicon linkages and thus extends its range of reaction The circumstance 
of the attack mav leave the solid still one connected mass, or the action 
may continue until a sol is produced, or until only a solution remains. The 
ratio of alkah to silica in the product increases as the attack progresse Phe 


product is an alkali-silies complex of indefinite Composition 
4) The formation and continued existence of the alkali-silies complex in 
concrete Is anomalous because of the presence ol ample calerum hydroxide 
which under equilibrium conditions should form lime-alkali-silica comples 
pparently, the alkali-silies complex is able to form and persist because of 
inability of the lime to diffuse to the reaction site at a sufficiently high rate 
This may be owing to the low solubility of ealetum hydroxide in caustic 
alkali, and also to diffieulty experienced by calelum jon in penetrating thie 
laver of lime-alkali-silies complex that apparently first) form around the 


particle 


On the mechanism of expansion 


expansion Is produced when the alkali-silie: comple x imbibes water hi 
Initial, most damaging expansion probably occurs while the reaction produet 
is still solid, though expansion may oecur alter the product become pls the 
or fluid, if initially formed cracks have no outlets The foree is that of swelling 


pressure or osmotic pressure (hydraulic), the two being fundamentally alike 
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Appendix—Description of Experiments on Strength of 
Caustic Solutions in Cement Pastes 


We have on hand specimens Of neat cement paste over two years old These specimen 
were cast in glass tubes lO in. long by 11% in. in diameter At the time of casting the mold w 
equipped with an axial core about 4 in. in diameter. On the day following casting this core 
vas removed, |e iving the Specimen us a ¢ hinder of cement piste encased in ylass, thie Vu 
thickness of the priaste evlinder be ing ibout ~ itt \s soon as the core was removed, the hols 
was filled with tap water and the upper end of the tube was closed with a rubber stopper 
During the more than two-year period of curing, water was added when needed to maintai 
the onginal level, but none was ever removed 

Ten such specimens were selected representing five different cements having composition 
of four ASTM types. For each type of cement, two different water-cement ratios, 0.45 and 
0.605, were represented 

The quantity of curing water in exch specimen was measured, and the concentration 
odium and potassium were determined by means of a flame photometer Data from cor 
panion specimens were used to estimate the amount of water fixed by hydration (nonevapor 


thle water) and the amount that remained free (evaporable water) within the boundari 


the paste. Calculations were then made of the total amount of alkali in solution, the 
lations be ing based on the a Umnption that the concentration of the alkali in the ey mora 
Vater ip the piste would be the ime as the concentration of the alkali in the « ining water 
In view of the long curing period, and the facility with which alkali ean be leached out, thi 
imsumed equalization of concentration is believed to be amply justified 

Phe data obtained are yiven in Table A-1 These data, from pecimetis prepared lor other 
PULP prone We not as precise a could be desired For ex imple the data on ey ipor ible wate 
ive, in several cuse estimated on the basis of experimental data from companion saniple 
having a different water-cement ratio. However, the principal indications of the result 
could not have been different i precise \ thues had been available for all measured (quuanititie 


is will be seen pre wentl 
As shown in Table A-1, the total amounts of alkali in solution were caleulated from tl 


measured concentrations Phe amount of solution in the central well was measured, and tl 
imount of evaporable water wus also known or closely estimated b Interpolation Phe tot 


kali in aqueous solution was obtained by multiplying the sum of the weight of curing wat 
ancl the weight ol evapor ible water tun the specimen ( yer Ie) by the measured concer 


tion, of NawO or KOO (column 6 or 7) 


The results ¢ xpre ssed “4s percent of cement weight are tabulated im columns S&S and 4 | 
big \-1l they are plotted ivainst the original alkaly contents of the cements (columns LO 
11). Pig. A-l indieates that most of the alkali in the cement is in aqueous solution I} 
extent to which the plotted curve in Fig. A-1 falls away from the dashed line indicates the 
limited degree to which alkali was held by the solid phases. At low concentrations of 
the amount in LEpHeaouis solution ippenrs to tn equal to the total alkah within the estimate 
experimental error As the total alkali increases, the amount of alkali in LQueous SOLITON be 
CODECS progressivel le than the total alkali When the ilkali content of the cement 
l pereent about 79 percent of the alkali is in solution. The nature of the relationship Is suc 


is to sugyest that some of the alkali is adsorbed by the cement gel the amount adsorbed 


creasing with the concentration 
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1.2 The amount of alkali held b 
7 the cement gel is much less than 
that held by the gels formed in 

o} Pi the system studied by Kalousek.* 


By means of the relationships 


ener’ 
— 
\ 


rs 7 found by Kalousek, we caleu 

~ / 

° 0.6L / A lated the amount of Na.O that 

’ 4 ” 

. J would have been in solution had 
0.7 A 

: ad ee the relationships for cement gel 

é 

~ 08 Ll been the same as for the lime 

- v4 r 

H ~ alkali-silica complexes The re- 

| tee sults are given in Table A-2 

« It seems safe to assume that 
04 

} A ill the alkali in the cement is in 

pt 

“os Z solution or will go into solution 

i yo oe is alkali is removed by leaching 

| Y q LiK SL no ry a rip 


02 
F ts mu © M0 or by chemical reaction In 


- 
01 Fae confirmation of this we have, in 


earlier experiments, removed all 





0 WN A mn " r 


- . \ ory ¥ the alkali from specimens of the 
0 Of O2 O38 04 OF 06 OF O08 OF 10 11 12 ain I ! 





Origins! Atheli Gontent of Cement, % kind described above simply by 

Fig. A-1—Amounts of alkali found in solution in relation | ¢)°°*'''* a ek ee eee 

to alkali content of cement exposing the pastes to a large 

volume of limewater initially free 

fromalkal. Within a comparatively short time, both the sodium and potassium contents were 

reduced to concentrations that could not be detected with the flame photometer. Indeed, 

this ability to leach out the alkali was to be expected even had Kalousek’s data ipplied 
(see Table 1) 

Columns 12, 13, and 14 of Table A-1 give the alkali concentrations which, calculations in- 
dicate, would have prevailed had there been no leaching from the hardened paste into the 
euring water In making these calculations, an allowance was made for the increase in the 
amount of adsorption that would ACCOMpPAny the increase in solution concentration This 
allowance for increased adsorption was made by establishing an empirical relationship be- 
tween the amount of alkali adsorbed and the solution concentration. The amount adsorbed 
in the tests as made was taken to be the difference between the amount shown in column 8 or 


YQ and the corre sponding amount in column 10 or 11 


TABLE A-2—CALCULATED AND FOUND AMOUNTS OF Na.O IN 
AQUEOUS SOLUTION 


Calculated Na,O in Amount of Na,O 


Cement w/e, aqueous solution, found, g per g tatio of found 
No by wt g per g of cement of cement to calculated 

15754 0.45 0. 00023 0.0016 7.0 
15761 O45 0.0017 0.0077 15 
15756 0.45 0 000065 0 00042 6.4 
L575 0.45 0.00051 0.0025 10 
15763 0 45 0 OOO052 0 00041 7.4 

*This conclusion is of interest with respect to questions quite apart from the subject of this paper It shows 

as has now been concluded by Kalousek,’ that cement gel is not chemically like the gels formed when lime, silica 

and alkali are brought together It is a fact, therefore, that should be taken into consideration in studies of the 


stoichiometry of cement gel 








Title No. 51-27 





Special Purpose Waterfront Structure of Precast 
Reinforced Concrete’ 


By WIN E. WILSONT 


SYNOPSIS 


Describes the design and construction of a special ramp built, for the S. Navy 
using @ precast concrete system Jasically, it consists of precast reinforced concrets 
bearing piles set on the apexes of equilateral triangles supporting precast girders which 
in turn support triangular deck slabs. The tops of the piles were fitted with special 


anchors and bearing plates to receive the connections at each end of the girders 


THE JEHEEMY RAMP 


This special purpose structure, a “Jeheemy ramp,” is at the U.S. Navy 
amphibious base on the strand below Coronado, Calif. The origin of the 
name “‘Jeheemy” is not known. The Jeheemy is a rubber-tired vehicle used 
for picking up naval landing craft from the water and transporting them 
to shore for repair and maintenance. (The original concept of the device 
probably came from the well-known Ross lumber carrier These vehicl 
come in assorted sizes the largest of which is approximately 60 ft long, weigh 
about 35 tons, and is capable of lifting an LOM (landing craft) weighing 
35 tons. Motive power is provided by tractors. About two-thirds of the 
total load of the Jeheemy and supported craft is distributed between the 
two sets of dual rear wheels which have airplane-type tires. This results in 
a wheel load of 50,000 Ib. Fig. 1 shows a Jeheemy in operation 


e Sd "Werte 


eee ED 


— 





Fig. 1—Jeheemy in use 


*Presented at the ACI Seventh Regional Meeting, Los Angel Calif., Oct % 14054 lithe N ‘ 
part of copyrighted JoURNAL or THE AMERICAN Concrete INe ute, V. 26, No. 6, Feb. 1955, Pro lings V 
51 Separate prints are available at 45 cents each Discussion (copies in triplicate) should reach the Ineti 
not later than June 1, 1055 Address 18264 W. MeNichols Rd., Detroit 19, Miet 


tPartner, Wilson and Wilson, Engineers, Los Angeles, Calif 
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Soon alter the estual hmient ol thre PoTLNe md the deve Opment olf thie 


Jeheemy, an emergen ramp Was constructed in 1943 using precast con 
crete slabs laid directly on thi Opimng > ind bottom of the bay Due to the 
movement of the sand bottom occasioned probabl I) tidal action and 
prope ller wash. the il) became disp! ced and eventunm the heavy wheel 
concentrations caused practically complete disintegration In 1952 it wa 
decided to study feasible methods of reconstruction of the ramp After an 
investigation of the operating condition t report outlined three possible 
methods of reconstruction 

The first of these contemplated the construction of a supported deek of 
reinforced conerete omewhat lmnilar to enplane landing riaanip Mh 
method conte mip ited the use of precast pile nd conventional cast-in prreees 
reinforced concrete dec] Mh chem ould have nece tated the con 
struction of a temporary bulkhead surrounding the site and the dewatering 
of the working ares 

The econd scheme 0 enlled for reimtorced concrete, utilizing precast 
piles, girder ind slabs so detailed to permit setting under water, thu 
eliminating the need for the temporary bulkhead and the cost of dewatering 

\ third pian is deve Opes which en oned an overhead bridge crane 
extending from the shore out over the iter with the stee Proucture Ipported 
on either caissons or bearing pile extending bove the high water line 

Preliminat cle vl) ind COst estimate ere made on each of the three 
schemes with an analysis of the advantages and disadvantages of each Phi 
overhead bridge crane method was not recommended by iuse Ol high mainte 
nance cost ind personne problem nvolved in maintamimng three crew (| 
oOperatol for the erane to make the faeilit iVindbeatole { r hour of the 
day or night. In addition, the Na considered that the permanent structure 
of the t jo proposed ould pose n operational hazard considering that if 
would be used for training and inexperienced personnel would be operating 
the landing eralt In iddition to these tuctor the prelimiinias Cost estimate 
indicated this to be the most expensive of the three plan 

The two schemes emploving reinforced concrete ere deemed to be more 
practicn Comparative cost estimate howed on relative 1h Ving 
using. the complete precast method. Consequent 1 Tinie recon 
mended that plan or the two scheme be developed and compnrative bid 
taken 

The Department of the N howevel elected the precust tem th 
out alternate inal tle orking plan ere prepared on tl 1) 

hig. 2 shows th tem selected 13 ( t cor fs ol precast remtorced 
conerete bearing pile et on the apexes of equilats triangle Ipporting 
precust girde! I) ! a iti Ipport 1! mg r dec} 1) Lh top (yl 
thie pile were fitted tI bene nehor ind’ bearings | le to receive the 
connections at each end of the girder \ een in big. 3, the top of each 


girde! Vii rece et to receryve thy deepened tiftlening nember rround thy 
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Fig. 3—Details of typical girders. (A) Typical interior girder. (B) Typical edge girder 


edge of the slabs. The boundary girders along both sides of the ramp were 
deeper than the interior girders, thus providing the deck with an elevated 
curb. Openings were left’ between the curb ends to facilitate the removal 
of sand which might be washed onto the deck. 

The triangular shape was selected for the slabs to minimize stresses which 
might have occurred in rectangular panels due to accidental errors in the 
grades of the pile caps. ‘To provide for uniform bearing between the slabs 
and the girders in case of misalignment, !o in. of nonorganic, preformed 
expansion joint material was placed in the trough of the girders before setting 
the slabs 

In the design of the structure, the 50,000-lb wheel load was the controlling 
factor for moment and shear. The slabs were designed as flat plates and no 
attempt was made to reduce moments by developing continuity of the ad- 
joining elements 


ERECTION PROCEDURE 


All of the various component parts entering into the precast work were 
cast by the contractor on the base a short distance from the job site. 

The contractor built a temporary trestle and traveling crane down the 
center of the ramp for driving the piles and setting the various units. After 
driving the piles a steel caisson approximately 5 ft in diameter was driven 
around the pile to a depth sufficient to prevent boiling, and the caisson was 


dewatered. The top of the pile was then prepared for the cast-in-place 
concrete pile cap which was approximately 3 ft in diameter. Prior to casting 
a steel bearing plate was positioned with suitable anchors to prevent lateral 
displacement of the pile and to receive the ends of the girders. These plates 
were accurately placed to line and grade with the surface paralleling the 








PRECAST WATERFRONT RAMP 


Fig. 4—Precast girders in position : ik ; 
at the inboard end of ramp atone A 
. ie \ 





surface of the ramp. After the cap had set, the caisson was removed and 
reused. As the water grew deeper toward the outboard end of the ramp thr 
length of caissons was increased by welding sections togethes As a matter 
of interest, it was discovered that at the outboard end the penetration required 
to effectively seal the bottom inside of the caisson against boiling due to 
pressures on the outside conformed almost exactly to the average value found 
on the graph in the article by Byron J. Prugh in the November, 1953, issue of 
Ciwil Engineering, namely 16 ft corresponding to an unbalanced head of 
approximately 13 ft 
Upon removal of the caissons the contractor placed the precast girder 

Fig. 4 shows a number of these in position at the inboard end. In the deeper 
water farther off shore it was necessary to use a diver to position and secure 


the girders 


Fig. 5—Positioning girders using 
pipe guides over the anchor bolts 
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Fig. 6—Pile caps and anchors 
prior to installation 





Fig. 7—Sections of girders and 
slabs on top of a typical pile cap 





Fig. 8 — Space provided for 
anchors over pile prior to grouting 








PRECAST WATERFRONT RAMP 593 





Positioning of the girders’ was facilitated by placing pipe guides over the 
anchor bolts that extended above water level (Fig. 5). The holes in the ends 
of the girder anchor plates were large enough to receive the pipes and auto 
matic positioning resulted as the girders were lowered 

After the girders were placed, an upper plate, with dowels welded to it 
Was positioned over the anchor bolts using a long spindled socket wrench 
to place and secure the nuts. These dowels provided anchorage for the 
slabs as shown later. Fig. 6 shows the pile caps and anchors prior to install 
ation. All metal other than the internal reinforcing was heavily zine coated 

The precast slabs were then placed The corners of the slabs were pro 
vided with U-shaped anchor rods and hairpin anchors were dropped into the 
open space between the ends of the girders. This space was then filled with 
concrete using a tremie. The section of the girders and slabs on top of a 
typical pile cap are shown in Fig. 7. Fig. & shows a section of the deck slabs 
prior to the grouting of the space provided for anchors over the pile. Because 
of clearances provided in the drawings and care exercised in positioning the 
pile caps, no difficulty was encountered in placing any of the precast units 

The steel to steel bearing between the girder ends and the pile caps wa 
chosen to provide for inequalities in bearing which might result from = in 
accurate pile cap leveling 

The oversize holes in the girder plates likewise provided for inaccurate 
pile cap locating. Since the space between the girder ends was to be filled 
with concrete and the slabs anchored thereto, further movement of the pile 
relative to the girders was deemed almost impossible under the conditions 
at the site. The ramp Is located on the sheltered bay side and is not subject 
to the major effects of ocean storms In addition, the free length of the 
piles was negligible, since the ramp surface closely follows the natural slope 
of the bottom for most of its length 

The contract price for the project was within the budget, about 8 percent 
below the engineering estimate of $169,000.) The second low bid was ap 
proximately 7.5 percent above the estimate 

The contractor informed the author that in preparing his estimate he had 
figured that an average of three precast units could be set during a working 
day His actual experience record shows that as many as six and eight init 


were placed in a day 


CREDITS 


The work was done for the Department of the Navy, llth Naval Distriet 
Captain K. A. Godwin, CEC, USN, was officer in charge of construction 
Commander Kk. P. Coykendall, CEC, USN, resident officer in charge of con 
struction; and Harvey Cole, project design engineer for the Navy The 
contractor was Ben C. Gerwick, Inc. Plans and specifications were prepared 


by Wilson and Wilson, Iengineers, of Los Angeles, Calif 
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Shear Strength of Reinforced Concrete Beams 


Part 3—Tests of Restrained Beams With Web Reinforcement 


SYNOPSIS 
he ! presented Trom te ) ~~?) ec te I ere 
The te e made three seri he first mprising 22 re yithar beso red 
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INTRODUCTION 
experimental studies were made on simple and restrained beams with 


and without web reinforcement to determine the hear strength of reinforced 


eoncrete ly wan Lhe re sults a) t hie test aD rnipote henm ind ol re traimed 
beam vithout web reinforcement were reported in Part l and 2 of thi 
Seri The results of the tests of 35 restrained beam vith web reimfores 


ment are reported in this paper \n analysis of the results will be presented 


in Part 4 
SPECIMENS, EQUIPMENT, AND TEST PROCEDURES 


Test program and specimens 
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TABLE 1—DETAILS OF SPECIMENS* 


Longitudinal reinforcement t Web reinforcement 


Number and p Horizontal 
sizes of bars yercent , i spacing, in vercent 


ssgsgsasy 


~ 


ina 


sy) 


SEecrerere) 


tet 


0 52 { 
O45 I 
1.47 M 


*All beams were 15 ft 4 in, long reinforced with intermediate grade deformed bars. Equal amounts of longi 
tudinal steel were placed in the bottom and in the top; web was reinforced with vertical or diagonal stirrups in 
clined at 45 deg All beams were made of 4000 psi concrete except when noted otherwise For other details see 
big. 1 Beams designated only with letters (¢.g., 1-8) were single specimens; beams designated with arabic numerals 
and letters (e.g 10a, b) were companion specimens. In the second type of designation letters a and b distinguish 
between companion specimens 

tRefers to bottom reinforcement; an equal amount of reinforcement was provided on the top of all beams 

thee Table 2. 

§l1- Hooked bars; S— straight bars 
* vertical stirrups; 1D) 45 deg inclined stirrups 
ottom reinforcement of |-1l5a consisted of two #4 bars only 
section, 


4 
Jased on width of stem. 
Specimens I-y, z, a, and ® were made with 5000 


V 
I 
I 
I 
* 


tt 
tt 
a 


psi concrete mix 


designed to investigate the effects of varying the amount and inelination of web reinforce- 
ment; Series LL comprising eight rectangular beams was made to investigate the effect of 
increasing the beam depth; and Senes LV comprising three rectangular beams was made 
to investigate the effect of increasing the ratio of the shear span* to the effective depth of the 
beam All three series of beams were designed in conjunction with the restrained beams 
without web reinforcement reported in Part 2 of this series 

Details of individual specimens may be found in Table 1 and Fig. | All beams were 15 
ft 4 in. long and of rectangular cross section 7 in. wide, with the exception of two beams of 
Series | which were T-beams with the stem 7 in. wide, and the flange 23 in. wide and 4 in 
deep Beams of Series | and IV were 15 in deep and beams of Series Il were 24 in deep; 
the corresponding effective depths were 12.0 and 21.0 in. for the bottom reinforcement, and 


*lkor the purposes of this paper the shear span is defined as the distance between a reaction and the nearest 
interior load point 
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11.75 and 20.75 in. for the top reintorcement All beams were remtoreed with four longi 
tudinal bars on the bottom and four identical longitudinal bars on the top, both arranged 
in two layers. The top two bars of the bottom longitudinal reinforcement were cut off at 
the support bearing blocks; all other bars were continuous throughout the beams In sore 
beams the longitudinal steel W is provided with hooks in others all reinforcement was str tight 
All beams were made of a concrete mix designed for 3000 psi, except for beams I l-z, l-a 
and J-8 which were made of a concrete mix designed for 5000 pst Specimens of Series | 
were divided into tour groups Within each group of Series I and within each of the two 
remaining series, the percentage of web reinforcement was the only major variable Conic 
group of Series | was made with diagonal stirrups inclined at 45 deg; all other specimen 
were made with vertical stirrups 

The location and relative magnitude of loads applic d to the beams (Fig. 1) were such that 
the maximum negative and maximum positive moments were of equal magnitude, and the 
maximum shear occurred in the shear span. Since all applied loads were concentrated, the 
maximum shear was approximately constant throughout the length of the shear span \t 
the supports and at the interior load points both the maximum moment and the maximum 


shear were present 


Materials 
The concrete for all specimens was made with Type I portland cement, Wabash River 


torpedo sand, and Wabash River gravel Specific gravities of the sand and gravel were 2.65 


and 2.70, pemeueliedls The fineness modulus of the sand was 3.07 and the maximum size 
of the gravel was | in. Both aggregates passed the usual ASTM tests. For concrete of the 
(a) Series | and Wl (6) Series | and IV 
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Fig. 1—Details of beams 
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3000 psi design strength, the mix ratio of cement to sand to gravel was 1:3.67:5.21 and the 
coment-water ratio was 1.21; the concrete with the design strength of 5000 psi had a mix 
ratio of 1:2.63:5.89 and the cement-water ratio of 1.66, all ratios by weight. The average 
slump was approximately 3 in. The concrete strengths for the individual beams are presented 
with the beam test results in Table 3 

Deformed bars of intermediate grade steel meeting ASTM designation A305-50T were 
used for all reinforcement. Typical bars of various sizes were shown in Part 2.2) The results 
of the control tests of tensile coupons are given in Table 2, in which only averages for bars 
of similar properties are given. Bars of the same average properties are designated in Table 
2 with capital letters; the same letters in Table 1 indicate the type of bars used in any particular 


beam 


Fabrication of specimens 
The fabrication of all beams and control eylinders was identical with that described for 


simple beams with web reinforcement of Series IIL in Part 1 


Test equipment and procedures 

The beams were tested in a 3,000,000-lb Southwark Iimery hydraulic testing machine 
In Series [ and I the load was applied at four points: at the end of each overhang and at the 
third points in the span between the supports In Series IV the load was applied at three 
points: at the end of each overhang and at midspan. Details of the testing apparatus were 
the same as for the restrained beams without web reinforcement 

In all tests the load was applied in increments of about 10,000 Ib until failure. After each 
increment, the machine was operated intermittently to maintain the load while cracking 
and creep of the specimen proceeded. After the load was stabilized, the crack pattern was 
noted and the following measurements were taken strains on the tension steel near midspan 
and over the supports, strains on several stirrups in both shear spans, strains on the top 
surface of concrete near midspan, and deflections at midspan and at the load points. All 
tests were carried to failure. The time required for one test varied from 1 to 4 hr 

The instrumentation was the same as for restrained beams without web reinforcement 
Strains on the web reinforcement were measured in the same way as strains on the tension 


steel 


TEST RESULTS 
The results of the tests are summarized in Table 3, which includes the 
average concrete strength f,’, the loads at the formation of the initial diagonal 
tension crack 7’,, the failure loads 7?,, and the critical steel stress at failure 
f In addition, the table includes the nominal shearing stress », and ratios 


TABLE 2—PHYSICAL PROPERTIES OF REINFORCEMENT 


Number Average Average Average 

Type Size of yield iltimate elongation 
tests point strength in Sin 

psi psi percent 
\ a 2 17,400 72,500 10 
B a4 I 14.000 74,000 10 & 
( as 65 11,200 70,300 7 
J ao s 45,700 74,200 “oO 
I ay 11 14,500 75,700 1 .o 
J ai 14 15,800 77,000 Y 2 i 
M al Is 17.600 74.000 1.4 
) a7 “0 $2,450 73,560 24 .t 

Q au 12 43.250 71,000 wt 

. au 14 15.500 76,600 22.0 


l as 16 5,840 82.100 Iss 
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of the nominal shearing stresses v,, v,, and v1... to the concrete strength f,’. 

The concrete strengths given in Table 3 are the average values determined 
from the tests of all control cylinders made with any particular beam. The 
initial cracking loads 7’, were determined from the load-stirrup strain curves. 
The failure loads were measured by the testing machine. The critical stresses 
were obtained from steel strains measured at midspan and over the supports.* 
They represent average quantities which, if multiplied by the total area of 
the tension reinforcement, give the tension forces in the steel at the sections 
at which failure occurred. Since the determination of f, involved strains 
measured at sections other than the critical, f, is an approximate value which 
can be used only as a guide. The values of the nominal shearing stresses 
yp, and », were computed from the equation v 8V/7bd, in which V is the 
maximum shear corresponding to the appropriate value of load P (V is equal 
to ’, in Fig. 1), and b and d are width and effective depth, respectively, of 
the beam. Allowable shearing stress vai. Was computed in accordance 
with ACT 318-51. 

In addition to beams listed in Table 1, Table 3 includes beams I-3a, b, 
lla, b, 1-9a, b, Il-18a, b, and IV-1 without web reinforcement. Except for 
the web reinforcement, they were identical with other beams listed in the same 
groups. Descriptions of the beams without web reinforcement, were reported 
previously 

The shear spans of a few representative specimens after failure, and a few 
load-deflection curves and load-stirrup strain curves are shown in Fig. 2 
through 9. 


Behavior prior to formation of diagonal cracks 

At low loads the behavior of restrained beams with web reinforcement 
was the same as that of restrained beams without web reinforcement.2 The 
stirrups had no influence on the behavior since they carried either practically 
no stresses (vertical stirrups, Fig. 6) or only very small stresses (inclined 
stirrups, Fig. 8). 


Initial diagonal tension cracking 

At some load the strains in the stirrups began to increase rapidly, and at 
a load 15 to 40 percent higher one or more inclined cracks were observed 
These cracks were similar to those defined in Parts | and 2! as diagonal 
tension cracks but were shorter and more difficult to detect visually. It is 
believed that these cracks began to form at that load at which the strains 
in the stirrups began to increase rapidly; however, the stirrups prevented 
the cracks from opening to a width susceptible to visual observations until 
the loads increased as indicated above. Thus for beams with web reinforce- 
ment the loads corresponding to the first sharp breaks in the load-stirrup 
strain curves are called the initial diagonal tension cracking loads. 

The initial eracking loads are listed in Table 3, in which the specimens 
are divided into the same groups as in Table 1. The major variable in these 


*(ritical strains were determined in the same way as for restrained beams without web reinforcement 








SHEAR STRENGTH OF BEAM‘ 531 


tests, the percentage of the web reinforcement, was the only variable within 
each group. It can be seen that cracking loads are approximately constant 
within each group, including the beams without web reinforcement. Thus 
it may be concluded that the web reinforcement has no significant effect on 
the magnitude of the cracking load 

In addition to the percentage of web reinforcement, the tests included 
inclination of the web reinforcement, percentage of the longitudinal rein 
forcement, length of the shear span, strength of the concrete and depth of the 
beam as minor variables. Of these, the first three had no significant effect 
on the cracking load but increases in strength of concrete, and depth of beams 
resulted in higher cracking loads However, on the basis of these tests alone 
no definite conclusions can be reached since the test data for the minor vari 
ables are limited both in number and scope 

The ratio of nominal shearing stress v, to strength of concrete f.’ may be 
compared with the corresponding allowable value vay.,./f.’ listed in Table 3 
For most beams with web reinforcement v,/f.’ is smaller than vay /f} in 
other words, diagonal cracks began to form at loads lower than those cor 
responding to the allowable nominal shearing stress. Ordinarily, the oceur 
rence of diagonal tension cracks at working loads is not objectionable in 
beams with web reinforcement, since in such beams diagonal cracks are 
narrow and well distributed However, diagonal cracking could become 
objectionable if the arrangement of longitudinal reinforcement permitted 
failure at or slightly above the cracking load. Such failures, termed failures 
by separation, were observed in beams without web reinforcement ;? no 


parallel tests were made on beams with web reinforcement, however 


Behavior alter formation of diagonal cracks 

All restrained beams with web reinforcement were able to sustain large 
increases of load beyond that causing the formation of initial diagonal tension 
cracks. After the cracking load had been exceeded, numerous very fine 
closely spaced parallel cracks formed progressively in both shear spans 
At loads approaching the ultimate two major cracks opened wide, spanning 
between the support and load bearing blocks but leaving zones of intact 
concrete= around the blocks. The formation of the two major cracks indi 





Fig. 2—Typical beams of Series | after failure. (left) Beam |-z—vertical stirrups. (right) Beam 
1-1 3a—inclined stirrups 
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Fig. 3—Typical beams of Series Il and IV after failure. (left) Beam Il-f. (right) Beam IV-n 


cates that full redistribution of internal stresses had taken place before failure.” 
The failure occurred at the maximum load by destruction of the compression 
zone of concrete at either the support or load bearing block The final crack 
pattern is illustrated in Fig. 2 and 3, depicting the shear spans of several 
representative specimens after failure 

Two other phenomena were observed at loads approaching failure 
extensive spalling of concrete covering the stirrups, and longitudinal split- 
ting of the beam along two vertical planes over the bars (lig. 4 The test 
results indicated, however, that neither the mode of failure nor the magnitude 
of the ultimate load were influenced significantly by these phenomena 

Strains messured in the tension reinforcement nent midspan and ove 
the supports were always smaller than the yield point strain, and = strains 
measured on the top beam surface at midspan were considerably smaller than 
those usually associnted with failure by crushing of the concrete Thus 
the beams failed before their flexural capacities were reached The only 
exceptions were beams I-x and I-l5a. In beam I-x «a small amount of yvield- 
ing was observed immediately prior to failure; it is believed, however, that 
the vielding was not extensive enough to have any significant effect on the 


test’ results Beam I-l5a had only two bars as the bottom reinforcement 


and failed in flexure by vielding at midspan 


Fig. 4—Top view of beam I-14b 
showing splitting above longi- 
tudinal bars 
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Fig. 5—Load-deflection curves for beams of Series | 


‘Typical load-midspan deflection curves are shown 


n lig 5 for comparable 
beams with inclined stirrups, with vertical stirrups, and without stirrups.* 
The curves, terminated at the failure load, show that the failure loads were 


greatest for beams with inclined stirrups and smallest for beams without 


stirrups The greater failure loads in beams with stirrups were reached at 
deflections exceeding by less than 50 percent the corresponding deflection 
of beams without stirrups. However, the beams with stirrups exhibited 


considerable ductility after the maximum load was passed 


Failure loads 

When the maximum load was reached, the compression zone ol concrete 
was destroyed adjacent to either the support or load bearing block, and the 
load decreased Although this decrease of load was usually small, it) wa 
permanent; thus the maximum load is called the failure load 

Failure loads for all beams are listed in Table 3 They increase with in 
creasing percentage ol web reinforcement concrete strength and beam 
depth; they are higher for beams with inelined stirrup than for beam with 
vertical SUrrups; but they do not seem to be affected by the percentage ol 
the longitudinal reinforcement or by the length of the shear pan The effeet 


of the percentage of web reinforcement is noticeable in all groups of specimen 


*} e de ’ f ‘ ‘ t t ‘ | 
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Table 3 includes ratios of ultimate load to eracking load, P?,,/P., which 
vary from 2.67 to 6.00. Similar ratios for beams without web reinforcement 
varied from 1.0 to 3.14.2) Since the eracking load P, is not affected signifi- 
cantly by the presence of web reinforcement, the increase in P,,/P?, shows 
clearly that the web reinforcement increases substantially the shear strength 
of reinforced concrete beams 

The values »,/f.’, also listed in Table 3, are substantially higher than the 
allowable values run. ff’. Although for all beams with web reinforcement 
Vu/Vatiow exceeds 2.5, it is smaller than the corresponding ratio for beams 
without web reinforcement; the only exception are the beams of Series IV 
for which the v,/Pon.. Values are approximately the same regardless of the 
presence or absence of the stirrups 
Action of stirrups 

Information regarding the action of web reinforcement was obtained from 
measurements made by electric resistance strain gages attached to each 
stirrup in the regions of maximum shear near the points of intersection with 
major diagonal tension cracks. Since only one gage was attached to each 
stirrup, no data were obtained on the distribution of strain along individual 
stirrups; however, it is believed that the recorded stirrup strains were very 
close to the maximum values 

Typical load-maximum stirrup strain curves and stirrup strain distribution 
curves for beams with vertical stirrups are shown in Fig. 6 and 7, respectively. 
As has been pointed out, the stirrups remained practically unstressed until 
diagonal tension cracking occurred; afterward the stirrup strains increased 
rapidly. The strains were always largest in the stirrups located near the 
middle of the shear span and decreased toward the support and load points 
In the majority of beams, one or more stirrups vielded before the maximum 
load was reached, but in only a few beams was vielding observed in all stirrups 
crossing the diagonal crack. In beams I-l2a, I-12b, I-s, I-t, and IV-o, with 
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5 Fig. 6—Maximum stirrup strains 
Stirrup Strain «10 for beams with vertical stirrups 
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large percentages of web reinforcement, no yielding of stirrups could be 
detected. 

Typical load-maximum stirrup strain curves for beams with stirrups in 
clined at 45 deg are shown in Fig. 8. Inclined stirrups were stressed from the 
inception of loading since their inclination was identical with that of the 
principal stress at the mid-depth of the beam. Stresses ranging approxi 
mately from 1000 to 6000 psi were observed immediately before diagonal 
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Fig. 7—Distribution of stirrup strains along shear span 











1001 ! T ! y Fig. 8—Maximum stirrup strains 
for beams with inclined stirrups 
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cracking \t highes louds strains increased rapidly and exceeded the vield 


point value bye Pore MeaXinnumn load Wiis rent hed The Increase in load beyond 


that at which all inclined stirrups were yielding ranged approximately from 
6 to 17 percent 

It was observed in these tests that the stirrups delaved the full develop 
ment of diagonal tension cracks. In beams without stirrups only one or two 
diagonal tension cracks formed; these cracks then penetrated into the com- 
pression zones ol conerete and thus precipitated the failure which occurred 
by destruction of one of these zones. In beams with stirrups, however 
numerous short diagonal erack formed since the stirrups distributed the 
cracks; more load was required for the eracks to develop and to penetrate 
into the COTMpPresslon ZONECS, and thus to cause crushing of the concrete In 
clined stirrups were more effective in distributing diagonal cracks than were 
vertical SUIFTups ; accordingly, more load was required for failure of beams 


with diagonal stirrups than for failure of beams with vertical stirrups 


Tests of T-beams 

The tests of restrained beams with web reinforcement included two 
T-beams with vertical stirrups (I-I6a and I-16b) which differed from the 
remaining beams of Series [ only in that a flange was added as shown in 
hig. | The amount and arrangement of longitudinal and web reinforcement 
wis identical with that in rectangular beams I-l2a and I[-l2b. The concrete 
strengths for the two pairs of beams were also similar 

Loud midspan deflection eurves lol the four beams are shown tn hig Qs 
It can be seen that the added flange stiffened the T-beams considerably from 
the inception of loading up to a load of about SO percent of the ultimate 


*The on exception was beats l-l5a wh failed 









At this load, the curves beeame parallel, thus Indicating that at high loads 


the stiffness of the I’-beams was approximately equal to that of the rectangular 


beams 

The cracking loads for T-beams I-l6a and IJ-l6b were 60 kips wheres 
eracking loads for the comparable rectangular beams [-l2a and I-Il2b were 
10) kips This is in agreement with the stiffening etfect of the flange indicated 


hy the load-deflection Curves \s in the rectangular beams strain inh the 
vertical stirrups ol the T-beams were very 


illustrated in Fig. 9b 


small until cracking occurred, a 


The initial diagonal tension cracks formed in the stem of the | as the 


load increased further, diagonal tension cracking developed in ow Manner 
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Jinilar to that observed in rectangular beams with vertical stirrups. At low 
loads the cracks were restricted to the stem of the T-section. At approxi- 
mately one-half of the ultimate load the diagonal tension cracks reached the 
lower face of the beams adjacent to the support bearing blocks, and a ma- 
jor diagonal tension crack could be distinguished. At a higher load a sec- 
ond major diagonal tension crack appeared in the stem of the beam above 
the first major erack, and minor cracking was noticed at the junction of 
the flange and the stem. At failure, crushing occurred in the vicinity of 
the support bearing block, and the upper diagonal crack extended through 
the flange and reached the upper surface of the beam near the interior load 
bearing block. The concrete covering the stirrups was cracked extensively 
at this stage and spalling was observed. It is believed that the beams failed 
when the concrete near the support bearing block was crushed but it is not 
clear whether this occurred before or after the upper diagonal tension crack 
spread through the flange. Ultimate loads attained by the T-beams I-I6a 
(271 kips) and I-l6b (292 kips) were considerably higher than those for the 
comparable rectangular beams [-12a (190 kips) and I-12b (159 kips). 

At equal loads, the strains measured in the stirrups of the T-beams were 
approximately equal to those measured in the stirrups of the comparable 
rectangular beams as can be seen from Fig. 9b. However, the higher ultimate 
loads obtained in the T-beams led to yielding of several stirrups, whereas in 
beams I-l2a and [-12b the stirrups remained elastic throughout the tests. 
It is believed that yielding of the stirrups may have resulted in a decrease of 
the degree of interaction between the flange and stem of the T-section 


CONCLUDING REMARKS 


Thirty-three rectangular restrained beams with web reinforcement were 
tested with one concentrated load at each overhang and one or two con- 
centrated loads in the span. In all beams several diagonal tension cracks 
formed in the regions of maximum shear. One beam failed in flexure and the 
remaining beams failed in shear. Prior to the formation of the diagonal 
tension cracks the behavior of all beams was the same as that of beams failing 
in flexure, and the stirrups were practically unstressed. Beyond the load 
causing the formation of the initial diagonal tension cracks the stresses in 
the stirrups increased rapidly 

The magnitude of the cracking load depended primarily on the dimensions 
of the cross section and on the strength of concrete. It was practically inde- 
pendent of the web reinforcement 

In all beams a considerable increase of load was possible beyond the crack- 
ing load. The final failure occurred at the section of maximum moment 
in the region of maximum shear; the compression zone of concrete was de- 
stroyed at this critical section. The magnitude of the ultimate load depended 
clearly on the amount and type of web reinforcement. It increased with 


increasing amount of web reinforcement and was higher for beams with 


diagonal stirrups than for comparable beams with vertical stirrups 
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HEAR STRENGTH F BEAM ‘ 
‘Two ‘T-beams with vertical stirrups were also tested These tests incl 
cated that T-beams POSSESS higher shear strength than rectangular beams 
of the same depth, concrete strength, and area of reinforcement, and of a 
width equal to the width of the stem of the T-beams 


Analytical expressions for 
restrained beams with web re 


tests will be reported in Part 4 


predicting the shear strength of rectangular 
inftorcement developed on the basis of these 


No attempt was made to develop analytical 





expressions for the shear strengths of 


‘T-beams, since the tests included only 


two such beams 
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Magnetite Iron Ore Concrete for Nuclear Shielding 
By J HENRIE 4 


SYNOPSIS 


Discusses crushing and handling of the magnetite iron ore, which was used 


the aggregate for a dense shielding concrete, and the physieal properties and 


eosts of magnetite ore concrete are comprare Lto those of other conerete Lhe 
mix used had «a compressive strength of 4000 psi in 10 days. The method 
used in fabricating shi lding block are deseribed Recommendations for pro 
ducing a low cost, relatively high density shielding conerete are made Thy 
shielding block used (9 x 9 x T8in. nominal) had a density of 3.7 g per sq em or 


230 lb per eu ft and cost $163.50 per cu vd The dimensions of the block were 


quite uniform having a standard deviation of ipproximately QOL a 


INTRODUCTION 


The need arose for an Inexpensive biololgical shield in L951 for a low powel 
research reactor being designed at the Atomic Energy Research Department 
of North American Aviation, Ine \ dense concrete was selected, and man. 
sources of dense aggregate, such as serap iron, lead ores, barite ore, and 
different iron ores, were investigated. The existing literature was reviewed, but 
none gave sufficient detailed information to aid significantly in the economical 
selection of the aggregate to be used 

The aggregate material selected on an economical basis was magnetite 
iron ore. The magnetite, as represented by two samples, had a density of 
1.95 g per cu cm and was 68 percent iron. It was estimated that a satisfactor 
concrete having a density of 4.0 g per cu em or 250 Ib per cu ft could bn 
made using the ore as aggregate. Approximately 300 lb of colemanite (30 
percent BOs) per cu vd of concrete (ly percent boron by weight) were to be 
added to increase the effectiveness of the concrete as a neutron shield. ‘Tests 
were made on a limited amount of concrete of this quality and indicated 
that it had good structural and shielding qualitie 

\ need for dense concrete arose more recently in connection with the con 
struction of hot cells for radiochemical work \lagnetite ron ore concrete 
was selected as the shielding aggregate because of the economy indicated 
by the previous Cost estimates and experience 

It was estimated that in using such concrete instead of regular concrete 
as a gamma-ray shield, the wall thickness could be reduced approximately 
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1 percent and still provide the same shielding qualities. Although ordinary 
concrete in place was estimated to cost only half as much per cubic yard as 
the dense concrete ($85 per cu yd compared to $170 per cu yd), the latter 
proved more economical for the following reasons. (1) Dense shielding 
windows to give the same included viewing angle through the shield walls 
were less expensive. (2) The area in the building taken up by the hot cell 
was less. (3) Manipulators and other remote equipment extending through 
the more dense shielding walls were slightly less expensive and more effective 

This paper deseribes the development of a magnetite concrete which 
proved very satisfactory in the hot cell construction. Conclusions and 


recommendations directed toward inexpensive shields are also included 


MAGNETITE IRON ORE 


The magnetite iron ore used in the test eylinders in Table 1 all came from 
the same souree, but in two different shipments. The first had a density 
slightly above 4.6 g per cu em and was used in the first 16 cylinders. These 
tests provided necessary experience and data for writing a crushing specifi- 
cation. The second shipment of ore was a 65-ton earload. It had an average 
density of 4.58 g per cu em and contained 65 percent iron. (The veins con- 
taining the 4.95 g per cu em ore were not being mined at that time.) 


ORE CRUSHING 


The carload of ore was shipped directly to a rock milling company which 
had been selected to crush the ore. The ore came in minus 9-in. sizes and 
was crushed into two well-graded sizes, coarse and fine. Since the shield 
was to be made of 9 x 9 x 18-in. nominal conerete block, the coarse aggregate 
was limited to %4-in. maximum size. The aggregate size gradation specified 
to the crushing vendor, and that actually obtained, are shown in Fig. 1. 

Inspection, by sieve analysis, of the ore as it was being crushed resulted 
in a produet which, after the jaw crusher and two sets of rolls had been 
properly adjusted, continually met the crushing specification. The ore was 
placed in 1O0-lb paper bags for ease in storing and handling 


CONCRETE MIX 


The specified conerete mix was determined from the test cylinders of 
different mixes. Density of each eylinder and workability of the mix were 
the important factors in determining the mix to be used. Table 1 shows 
the results of the test cylinders. They were all water-cured, and air-dried 
for a day or two prior to testing 

The eylinders containing 1|!.- or 2-in. maximum size aggregate were more 
dense than those limited to a 44-in. aggregate. This conerete had to be 
very carefully placed in the small eylindrical forms to avoid pockets. It 
would be difficult to place in forms for small block, but would be ideal for 


heavy monolithic shielding walls. Cylinders 17 to 22 were made from the 
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ore crushed to the specifications of Fig. 1. Cylinders 21 and 22 were made 
by the concrete block vendor from the mix used to fabricate the shielding 
block. One quart of calcium chloride solution per pack of cement (1 Ib 
CaCl, per 94 lb cement) was added to decrease the setting time and allow 
the molds to be filled twice each day No air-entraining agent or other 
additive was included in the mix 


CONCRETE SHIELDING BLOCK 
The vendor selected to fabricate the block proposed a method of fabri 


cation in which one standard form would be used and a very stiff mix tamped 


COARSE AGGREGATE-53% OF TOTAL - 
FINE AGGREGATE-47% OF TOTAL \ 
ORE AS CRUSHED \ 





100 
90 


80) 








70 


60 





50 


40 





PERCENT PASSING BY WEIGHT 























No.200 No.10O No.50 No.0 No.I6 No8 No.4 3/8 in. 3/4in. 


Per nt pas } by ! 
@ Siz % r 4 No. 8 N 4 

pecifica 

Coarse , ? ) 

Fine , A 45 ? Z 7 
As crushed 

( are 4 

feo ) 49 ? 


Fig. 1—Magnetite aggregate size gradation 
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TABLE 1—MAGNETITE IRON ORE CONCRETE TEST CYLINDERS 
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Fig. 2 (right)—Shielding block in cast iron forms. (left)—Block being stripped from forms 


Into it with an air hammer. The form could then be stripped immediatels 
and the next block fabricated Fests of this method were made using a 
evlindrical form. The iron ore aggregate as crushed was found to be too 


angular and coarse for this method of forming Bridging between the 


particles occurred and resulted in a lower 


cle msity th in hy id bee a) obtained 
using a more plastic mix 


The vendor then had ten cust Woh split forms mince A fairly stiff coneret 


miX Was placed in the forms and internally vibrated 


Phe internal vibrator 
was slowly removed as the 


form was filled so that it left no large void ha 


Fig. 3—View of hot cell showing 
the stacking arrangement of block 
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method of placing resulted in a conerete density of 3.7 g per cu em and up 
to 3.8 g per cu em in some of the more dense block. The block weighed 
between 191 and 198 lb each and had an average weight of 194 lb. The same 
mix placed in the waxed cardboard test eylinders (No. 21 and 22) by rodding 
had a density of 3.6. Fig. 2 shows the concrete block and the cast iron forms 

The hot cell walls were made 27 in. thick. The 9 in. wide block were placed 
without mortar and stepped such that no crack between blocks extended 
more than one-third the thickness of the wall. A view of the completed hot 
cell is shown with the door open in Fig. 3. Note the stacking arrangement 
of the block on the left. Most of the block were made with a mortise and 
tenon to give an interlocking effect which would make the wall more rigid 
and also add slightly to its shielding effectiveness. Where special block 
were required to fit next to a beam or window, they were made by adapting 
the cast iron forms with appropriately sized wood blocks. Special short 
block were made by blocking with a steel plate and adjustable rods as shown 
in Fig. 2. Tubes and lines passing through the walls were cast into specially 
formed 27 in. wide block. 

hifty standard size block were selected at random and accurately measured 
The widths ranged from 9'¢y to 9% in.; 68 percent of them were between 
oe, and Oye in.; the average width was 9.056 in. The height of the block 
ranged from 9g, to O4¢ in.; 78 percent of them were between 9g and 9%¢ in. ; 
the average height was 9.040 in. The lengths of the block were between 
17%, and 18 in 


COSTS AND COMPARISON WITH OTHER CONCRETES 


The actual cost of the magnetite iron ore block was found to be less than 
had been estimated. The cost of the standard block is shown below: 


expense item Cost, dollars per ton 
Iron ore —F. O. B. Lron Springs, Utah 11.00 
Shipping to Los Angeles 5.67 
Crushing anc bagging 13.00 
‘Total ore unit cost 20 67 


Cost per cu yd of concrete 


expense item Cost, dollars per cu yd 
Ore — 2.60 tons * $20.67 per ton 77.20 
Block fabrication including cement 86.30 
Total for fabricated block 163.50 


In comparing magnetite concrete costs with other concretes, the cost of 
forms and placing is not included. This is because such costs are highly 
variable and depend on the particular conditions of the job. Table 2 gives 


a comparison of some, of the better dense concretes and regular concrete 
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24 in. long, each having «a heating element along its centerline and thermo- 
couples located radially out from the center, were used for the conductivity 
measurements. Although experiments are still in progress and the data 
have not been fully analyzed, the following statements can be made. (1 
The thermal conductivities of the magnetite iron ore concrete and ordinary 
concrete are essentially the same 2) The thermal conductivity at 95 F 
dropped from 1.2 to 0.85 Btu per hr per sq ft per deg F per in. after the average 
temperature of the evlinders had been cycled between 90 F and 250 F three 
times in a three-week period 

The effects of nuclear irradiation and high temperatures on the concrete 
have not been fully determined 


SHIELDING PROPERTIES 


The gamma-ray shielding properties of the magnetite concrete have been 
computed empirically from its chemical composition. Adjustments have 
been made to account for buildup due to Compton seattering. The curves 
of Fig. 5 show the reduction in gamma ray intensities versus the magnetite 
iron ore conerete thickness for various gamma-ray energies. The curves 
are calculated for broad beam conditions, no correction being made for in- 
verse square attenuation. The data agrees closely with published data for 
magnetite concrete! 
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Kxperiments carried on in the vertical thermal column of the “water 
boiler” type research reactor at North American Aviation, Ine., indicate 
that the thickness of the magnetite concrete required to reduce the fast 
neutron intensity by a factor of 10, one “tenth value laver,” is 7.6 in. The 
tenth value layer for ordinary concrete was similarly determined to be 9 in 

If a neutron shield is required, it seems advisable to add boron in some 
form to the conerete mix This would not only stop the thermal neutrons 
almost immediately, but the boron would preferentially capture the 
neutrons as they were thermalized and emit most of the binding energy in 
the form of alpha particles rather than as hard gamma ravs which are pro 
duced when thermal neutrons are captured by iron atoms. Alpha particles 
would be captured immediately in the concrete, whereas some of the gamma 
rays, being harder to stop, would penetrate the shield. Therefore, boron 
would be added to capture the thermalized neutrons and thereby decrease 
the number of secondary gamma rays getting through the shield 

Since boron increases the setting time of portland cement concrete, care 
must be taken in selecting the form of the boron-containing material to be 
added. If colemanite is added, the particles below say a No. 30 sieve size 
should be screened or washed out to decrease the colemanite surface area in 
contact with the mixing water. This in effect decreases its solubility. The 


addition of calcium chloride offsets to some extent the effeet of the boron 


CONCLUSIONS AND RECOMMENDATIONS 


Concretes of various types are often used for shielding personnel and 
equipment from gamma rays, x-rays, and neutrons. Conerete has the ad 
vantages that it can easily be cast into various shapes at a relatively low cost, 
and it has good structural properties. Since regular concrete has a relatively 
low density and accompanying relatively poor shielding qualities, the trend 
has been to develop a high-density concrete having good shielding and 
structural properties. Increasing the density has increased the cost of the 
concrete, especially above 3.5 or 4 g per cu em 

In attempting to produce a relatively low cost high-density conerete in a 
particular area, one should investigate the density and cost of suitable con 
crete materials in that area estimated crushing, grading, handling, and 
shipping costs should also be added to the aggregate cost. With this infor 
mation the density of the concrete and cost of materials per cubic yard can 
be determined By plotting the unit cost of materials versus the density of 
the concrete, as in Fig. 4, the most economical shielding conerete for the 
area can probably be determined 

After the aggregate has been selected, a more detailed engineering study 
should be made to reduce crushing and handling costs and increase the conerete 
density 

The aggregate could be crushed and graded into S or LO different size 
then reblended in’ proper proportions to result in the optimum conerete 


density However, for most materials suitable for concrete aggregates 
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crushing and separating them into two or three well-graded sizes and blend- 
ing them together in the proportion which results in the most dense workable 
mix will require less time, result in a near maximum concrete density, and 
cost much less 

For fabricating concrete shielding block, a recommended maximum size 
aggregate to be used is #4 or Lin. This is to reduce the size and number of 
voids which might occur, especially at the surfaces of the block. For extra 
large block or heavy shielding walls, a 2- or 4-in., or possibly larger, maximum 


size aggregate could be used and would result in a conerete having a higher 


density and requiring less cement per unit volume. 

Since the aggregate particles are very sharp and angular and also because 
of their high density, the mix does not flow as well as a regular concrete mix 
having the same aggregate size distribution and cement and water content 
hor maximum density and minimum shrinkage, the mix should be kept as 
stiff as is practicable. An internal vibrator will cause the mix to flow well 
and help eliminate voids 

Because of the high density of the concrete, the regular batch size for a 
mixer load will generally have to be decreased to avoid overloading the 
mixer. This is especially true when large capacity mixers are used. 

or large shielding-concrete jobs, where obstructions in the forms are 
excessive the prepacked method of placing will probably result in a shield 
having a higher and more uniform density than would be obtained by regular 
placing methods.” 

The methods used in casting the concrete shielding block seem to have been 
very satisfactory. Tolerances were held to within I of an in., when necessary, 
without a significant Increase in cost 
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Flat Slab Solved by Model Analysis’ 


By GERALD B WEN na R V\ HAFFER 


SYNOPSIS 
\ practi il model analysis procedure for determining elastic moment 
shears, torsions, and deflections in any plate structure under transverse 
loads is presented This method, known as photo reflective stress analysi 
or the Presan method, "os deseribed in some detail \ spocity inalysis and 
reinforcing steel design of a continuous square bay flat plate ipported b 
| columns of finite diameter is presented and compared to mathematical 


analysis of the same structure using ACL Building Code moment coefficient 


(M 


and standard elastic analysis and ce sigh proced ires 


INTRODUCTION 


In the field of structural engineering, use of models as a design tool has 


become increasingly prevalent in the past 25 years experimental stre 
analysis of structures is an extremely important tool, not only for research 


and development work but also as the basis of the design of specific structure 


Obviously, model analysis methods find their main applications in’ those 
structures where accurate mathematical analyses are either impossible or 
are exceedingly tedious and complex. One such structural problem is that 
involving two-way or biaxial bending as found in floors or roofs of flat slab 
buildings Although the total moment in fully continuou square, or rec 
tangular bays may be found readily, determination of the actudl distribution 
of these moments within the individual bays is a difficult) mathematies 
problem. In structures where the bays are trapezoidal or triangular, of 
slab configuration is not constant in thickness, an accurate mathematical 


analysis of the stress pattern becomes so involved that it is impractical 


In effecting the solution of a flat slab with irregular column arrangement 


for Parklabrea Towers, Los Angeles, the method of model analysis known a 
“photo reflective stress analysis,” or the “Presan method,’ was developed 
by Bowen, Rule and Bowen, designing structural engineers, In consultation 
with Prof. R. R. Martel of California Institute of Pechnology This papel 
demonstrates the application of this method to a relatively simple flat plate 
problem, and shows its application as a design tool 

*Presented at the ACT 50th annual convention, Denver, ¢ | \ m4 I 
copyrighted JOURNAL OF THE AMERICAN ConcheTe INe# j \ ‘ . ‘ i / ling \ 
Separate prints are available at 50 cents each. Discussion ( 1 triplicate i the Institute r ate 
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DESCRIPTION OF FLAT SLABS 


The term “flat slab’ as used herein denotes a structural member which 
transmits vertical loads directly to columns, walls, or other major supporting 
members without the use of intermediate supporting beams. Special types of 
flat slabs include flat plates which are slabs of uniform thickness throughout ; 
haunched slabs which have increased slab thickness adjacent to column; or 
joisted slabs which consist of a series of relatively small joists at a uniform 
size and spacing, placed perpendicular to each other and supporting a thin 
membrane. Haunched slabs may have either a sudden change of thickness at 
the edge of the haunch or the thickness may vary gradually from slab thick- 
ness to a maximum haunch thickness at the column. All of the column or 
wall supports may have column or wall capitals as required. 


DESIGN PROBLEMS 


Moment, shears, and deflections, used to determine the proper slab thick- 
ness and degree of reinforcement, are functions of the size and spacing of 
supporting members, configuration of the slab, superimposed loads on the 
slab, and other structural features such as holes in the slab for stair wells and 
duets, or the location of spandrel or other framing beams. Superimposed 
loads may be subject to extreme variation, both in magnitude and in place- 
ment. Dead load may not be uniformly distributed if the slab is haunched 
Live loads may be uniformly distributed or concentrated; alternate bays may 
he loaded to produce “skip loading’? moments, and shears or lateral loads 
may produce bending in the slab if part or all of the lateral resistance is in 
columns. 

The method of construction may also impose special loads. For example, 
two separate loading conditions are found in lift-slabs where contiguous, 
cantilever spans are later connected to act as continuous spans under live 
load. 

To complete the final design of a slab, values of maximum moment, shear, 
and deflection and distribution of moment must be evaluated and located. 
» These values determine the required size, length, and spacing of tension rein- 
forcement (conventional bars or prestress units), the thickness of slab as 
determined from deflections and from compressive and diagonal tension 
stresses in concrete, and the size and placement of shear reinforcement. if 
required, 

Values of elastic deformations are required if cambering of the slab is a 
feature of the design or for other reasons. 

Supporting structural elements must be designed to carry vertical slab 
loads and, in some cases, unbalanced slab moments. Vertical loads to columns, 
walls, and spandrel or special framing beams are defined by those within the 
area bounded by zero shear lines. Loading conditions and conditions of 
continuity determine the unbalanced moments delivered to spandrel beams, 


columns, or walls. 





FLAT SLAB SOLVED BY MODEL ANALY 


BASIC THEORY 





Jending moments, torsional moments, shears, and deflections may be 


defined as functions of the curvature of the neutral surface of the slab in two 


mutually perpendicular directions. Letting these directions be defined as 


x and y, the following equations* hold true for any structure under transverse 
load acting as a plate: 


V FIG + wk,) and M, FIG 
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if the slab is of constant thickness, Kg. (3) becomes 


a / | 
Y. Kl (Sit 
ou 
0 7 ae da (4) 
Kg. (1), (2), and (3) depend on the basic assumptions that the slab is 


homogeneous, that Hooke’s law remains valid throughout all ranges of 
existing stresses, that the thickness of the slab is small relative to the spans 
between supporting members, and that deflections of the slab 
relative to the thickness of the slab. Eq. (4 


tions, being based on geometry only 


are small 
) is independent of these assump 


Nomenclature 
b reference to building when used V principal moment of unit slab 
as subscript width 
Db flexural rigiclit. | m reference to model when used a 
E modulus of elasticity subseript 
F flexural constant Ei Me’) a] shear in unit slab width in as 
/ moment of inertia of unit) slab sumed x direction 
width “/ 12 { thickness of slab 
/ curvature of neutral surface of 
deli Se, sali im dinatiem rand y issumed, mutually perpendicular 
Vi, bending moment ol unit slabs directions 
width in assumed x direction ° deflection of neutral surface of 
V torsional moment of unit slab slab 
width in assumed x direction yu Poisson’s ratio 


THE PRESAN METHOD 


The Presan method of biaxial stress determination consist 


of the follow Ing 
procedures : 


a Construction of a model of the bast 


structure in accordance with the law 
simulituce 


b. Loading of the model with seale loads of known magnitude 


to represent loading 
conditions of the basic structure 


‘ Recording of curvatures of the slab in its loaded condition 


d (rrapl ical manipulation ol curvature 


values to obtain moment shears nd 
deflections of the basic structure 
‘ Presentation of final data in a convement, usable form for ce “ign of the structure 
*Timoshenko, S., Theory of Plates and Shells, McGraw-Hill Book Ce Ine New York, N. ¥ 1040 
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Laws of similitude between the model and prototype dictate that the 
model material be homogeneous and follow Hooke’s law throughout the 
ranges of stresses imparted to the model, that Poisson’s ratio be the same for 
the model material and the prototype material, that the model be a scale 
replica of the prototype, and that model loads be to a known scale of the 
loads on the basic structure. 

In addition to satisfying these laws of similitude, from a practical stand- 
point, the model material must also be readily available in wide ranges of 
thickness, must have one surface plane to within a minimum curvature of 
300 in., and must have this surface capable of being made reflective. It 
must be easily machined with standard machine tools and have a relatively 
low modulus of elasticity so that readable curvatures may be obtained with 
small loads that are easy to apply, maintain, and regulate. 

After a thorough investigation into the availability of model materials, 
Lucite was selected. Lucite has an average modulus of elasticity of 370,000 
psi and an average Poisson’s ratio of 0.38. Concrete has a Poisson’s ratio of 
0.18 in the usual ranges of mixes and strengths and the results of this non- 
conformance will be discussed later in the paper. 


ANALYSIS BY PRESAN METHOD WITH NUMERICAL EXAMPLE 


For purposes of numerical illustration, an analysis was made of one bay 
of an infinitely continuous slab, supported by columns at 20-ft centers. The 
column diameter was assumed as 15! in. and the slab thickness was set at 
634 in. Ultimate stress at 28 days is assumed as 3750 psi. The structure 
was designed to support its dead load and an additional 50 lb per sq ft live 
load. Building dimensions and building loads are shown in Fig. 1. 


Prior to construction of the model, a model drawing is prepared which 
dimensions the model and shows any special loading conditions which may 
be necessary. In the case of the example it would be obviously impossible 
to model an infinite continuum, so the effect of continuity was approximated 
closely by modeling an adjacent line of bays on each side of the bay to be 
analyzed and reproducing continuity beyond these bays by means of an 
edge-loaded cantilever. The cantilever edge represented the zero moment 
line of an interior bay and the edge load reproduced the shear along these 
lines. This loading strip as well as other model dimensions is shown on the 
model drawing in Fig. 1. 


A pattern was then made, using any convenient material, to the dimensions 
of the model drawing. From the pattern, the model was reproduced from 
one solid piece of Lucite through the use of the profile duplicator, a machine 
developed specially for this purpose. Machining of the Lucite model is done 
with high-speed routers and drills so that the Lucite is not heated excessively 
during machining and so that the properties of the material are not changed 


locally because of “burning.” Accuracy of model construction with this 
method is to within + 0.001 in. 
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Fig. 1—Building and model details 
After construction of the model the top surface was made reflective by 


depositing on it, under vacuum, an extremely thin coating of aluminum 
The model was then mounted on a rigid base which is arranged for the appli- 
cation of model loads using compressed air or vacuum 

For design purposes, the usual slab loading can be expressed as a uniformly 
distributed load. This loading is applied to the model directly by applying 
compressed air or vacuum pressure to the under side of the model slab. In 
the event that differential uniform loads are desired on different areas of the 
same slab, plastic bags are fabricated to fit the contours of the under side of 
the slab and compressed air is applied to the bags at required pressures 
Concentrated loads are applied by use of graduated weights, sealed to conform 
to the scale of the uniform dead or live loads 

Lateral loads can also be applied parallel to the surface of the slab to simu 
late seismic or wind loads if qualitative or quantitative distribution of moments 
into the slab system is required. 


In its final position, ready for loading, the surface of the model is in a 
vertical plane and it is so placed in relation to a camera that it reflects onto 
the camera negative a grid of parallel lines. The camera negative, grid 


and model surface are in parallel planes at known distances from each other. 


If the reflective surface of the model were an optically perfect plane, the 
reflected grid of lines would be perfectly parallel in the unloaded condition 
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of the model. The reflective surface of the model is never perfectly plane, 
however, so prior to each photograph of the model in a loaded condition, « 
photograph is made in the unloaded condition. The unloaded condition is 
usually photographed as a vacuum (equivalent to 14 in. water in the example 
while the loaded condition is photographed as an equal pressure (equivalent 
to 14 in. water in the example 

Loads applied to the model produce curvature in the reflective surface 
These curvatures distort the reflected grid of lines, making them appear at 
decreased spacing when the slab curves convex to the lens and at increased 
spacing when the curvature of the slab is concave to the lens 

The model is rotated in its plane 90 deg and the unloaded and loaded grid 
of lines are photographed as before, using the same loads. If principal moments 
ure to be obtained as part of the design data, the model is rotated in its plane 
to a position half way between the two previous positions and the unloaded 
and loaded reflected grid of lines are again photographed using the same 
model loads 


Optical equations, not herein presented, demonstrate that: 


J 
} ( | (5) 
( K ) 


where | curvature of the surface, ./ grid spacing for zero curvature, 
and K observed grid spacing of curved surface. © a constant which 
depends on the distance between reflective surface and the camera lens 

The problem of accurately and economically determining k from the 
photographed grid spacings was solved by designing a “data reduction 
machine’ which magnifies the spacing between grid lines, measures the grid 
space AK, and plots the curvature k to a determined seale. This machine 
produces a series of bar graphs along desired straight lines on the model, 
the ordinate of which represents the curvature of the model and the abscissa, 
the linear distance on the model. These diagrams are curvature diagrams, 
defining curvature in one direction 

In the example, curvature diagrams were prepared on lines C through 7? 
and 3 through 15 as shown on plan detail A of Fig. 1, and the unloaded 
(vacuum) and loaded (pressure) curvature diagrams, manually smoothed to 
form a smooth curvature curve, are shown in Fig. 2. As shown in Fig. 2, 
the diagram for loaded condition is superimposed on the diagram for unloaded 
condition with ordinates plotted to the same datum 

From these curvature diagrams, obtained in two perpendicular directions, 
with another curvature diagram obtained at 45 deg between, bending mo- 
ments, shears, torsional moments, principal moments, tangents to the elastic 
surface, and deflections of the elastic surface were obtained 

Mquations evaluating moment, torsional moment, and shear are all functions 
of F | ea uw’). The physical characteristics of Lucite as measured by 
the modulus of elasticity and by Poisson’s ratio may vary from sample to 


sample because of variations of age, temperature, and humidity. Therefore, 
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the value of F, the flexural constant, is determined from each sample of 
model material by testing another portion of the sample as a circular flat 
plate with clamped edges, the solution for which is known. The value of F 
for this example was 476,800 psi. 
Bending moments 

sending moments in one direction are obtained in the following manner. 
The net curvature diagrams are constructed by algebraically deducting the 
unloaded ordinate from the corresponding loaded ordinate on each diagram. 
This compensates for any initial curvature in the model. To the net curvature 
diagram in the assumed « direction, Poisson’s ratio correction uw k, is added 
to the corresponding k, ordinate. The value of Poisson’s ratio for concrete 
(0.18) is used for this operation 

If the moment of inertia were constant throughout the length of the dia- 
gram, this corrected curvature diagram would be the W/F diagram and the 
vertical scale could be computed, giving values of M, directly. However, 
the thickness of the slab may vary, either because of haunches, spandrels or 
intermediate framing beams, or because of slight variations in model con- 
struction. ‘To compensate for this variation, the final thickness of each model 
as fabricated is measured at close intervals throughout the model and the 
ordinates to the net curvature diagrams, corrected for Poisson’s ratio, are 
further corrected for variations in slab thickness by multiplying the height 
of the (k, + yw ky) diagram by (, producing bending moment diagrams to a 
selected scale 

In the example, the model thickness did not vary by more than 0.001 in. 
from the correct value so no thickness correction was required. Consequently, 
the net curvature diagram, corrected for Poisson’s ratio, is the final WV, 
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Fig. 3a—Contours of equal values of C Fig. 3b>—Principal moments and trajectories 
M, = CwLl M, = CwL? 


Column diameter to span ~ 1;15.5 
Slab thickness to span ~ 1:36 








FLAT SLAB SOLVED BY MODEL ANALYSI! 561 


diagram and this diagram, for line 14, is shown in Fig. 2. The similitude 
equations are also shown in Fig. 2 and the seale of the moment diagram is 
calculated thereon 


Bending moments in the y direction were evaluated on lettered lines as 
shown on plan detail A, Fig. 1. These moments were nondimensionalized 
to be functions of a constant C, where MV, CwlL?, and contours of equal 
values of C are presented in Fig. 3a 

Corrected net curvature diagrams in the x, y, and xy directions were com 
bined, using Mohr’s circle, to produce the value and direction of principal 
moments. These principal moments were nondimensionalized as were the 
M, moments and the values of C in M, Cwl? are presented as vectors 
in Fig. 3b. Determination of the value and direction of principal moments 
is seldom of practical importance in the design of biaxial bending systems 
However, Mohr’s circle may be applied in determining the bending moments 
in any direction and thus has some application in determining stresses and 
the degree of necessary reinforcement in slabs reinforced in other than the 
conventional biaxial method (e.g., radial-cireumferential patterns 
Torsional moments 

Values of torsional moment in the x and y directions were obtained from the 
Mohr’s circle studies previously mentioned and were nondimensionalized as 
functions of Br where M,, M wy Bywl*?. Contours of equal values 
of Br are presented in Fig. 4a. Values of maximum torsional moment are not 
of great, practical importance except in certain special conditions of structural 


Fig. 4a—Torsional moment contours of equal Fig. 46—Shear contours of equal total 
values of 4, curvature 


Mi = My = rol Va = 0.4239 u - Ib per ft 
as 


L. and As in same units 


Column diameter to span ~1:15.5 
Slab thickness to span 1:36 
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configuration where they may lead to greater stresses than those produced 
by direct bending and shear 
Shear 

Distribution of shear within a bay is determined directly from curvature 
diagrams by finite differences in accordance with Eq. (3) or (3a). For slabs 
with varying thicknesses this operation is fairly complex and the final results 
are best expressed as contours of equal shears in pounds per unit width of 
slab. However, as indicated by Eq. (3a), the shear in a given direction in a 
slab of uniform thickness is a function of the change of total curvature 
(hk, + ky) with respect to the change in distance in the given direction. Fig 
th presents contours of equal total curvatures and defines the shear at an an- 
gle @ as an inverse function of the distance between adjacent contours. The 
distance AS shown in Fig. 4b is the shortest distance which can be drawn be- 
tween the indicated, adjacent contours and thus defines the maximum shear 
and its direction at that location. The shear in any direction may be ob- 
tained by sealing the distance between the adjacent contours in the direction 
desired and substituting that value in the equation Vo = 0.4239 w (L/AS). In 
the investigated bay, maximum shearing stress is 140 psi which requires shear 
reinforcement. This reinforcement is not included as a part of the paper 

It should be emphasized that all functions of bending moment, torsional! 
moment, and shear, as heretofore discussed, are directional and the desired 
direction of the function must be determined before the value of the function 
can be evaluated 
Deflection 

The elastie deflections of the slab are functions of the second summation 
of the curvature diagrams in any one direction. This process of taking the 
second summation of sealed values of the curvature diagrams does not vield 
results commensurately accurate with values of moments and shears but 
values within 10 percent of the correct value can be consistently obtained 
with careful operations. The maximum deflection as calculated for the 
example was within 2.53 percent of the theoretically correet value as obtained 
by solving the series function for maximum deflection. Contours on the 
elastic surface of the example are shown in Fig. 5 as contours of equal @ in 
the expression 6 a (wh) Et 
Total moment 

The total moment in a bay, defined as the numerical sum of the maximum 
total positive moment along the bay centerline and the maximum total 


negative moment along the column centerline, for a uniformly loaded, square 


; . S) S) 

bay is given by the expression J/ 0.125 wh | { where 
rl, OL 

ris the effective radius of the column or column capital For normal ranges 


of the ratio of 2r to L. this expression tor moment agrees closely with the 


31, 


oe , 
expression V/ 0.125 wl, (1 ~ ) where © 2) kor loads and di- 








Fig. 5—Elastic surface contours of equal « 
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mensions used in the example, the total moment evaluated from the first 
expression is 121.5 ft-kips and from the second expression it is 121.22 ft-kip 
The total moment evaluated by the Presan method for the given example | 
122.90 ft-kips or 1.15 percent above the correct, statieal moment \ total 
moment of 121.5 ft-kips is used throughout the rest of the example in evalu 
ating the amount and distribution of reinforcement in the bay 


Expression of results 

The expression of results of studies determining principal moments, torsional 
moments, shears, and deflections as shown for the example in this paper are 
satisfactory and workable, although, for a specific analysis of the slab struc 
ture the results would not be nondimensionalized. However, bending moment 
in the directions in which reinforcing is contemplated must be expressed) in 
such a way as to facilitate both the determination of quantities ob remtbores 
ment and the required length of bars 

Bending moment can be presented as contours of equal bending in any 
desired direction. From these contours the total moment in any given width 
of slab can be computed and the total amount of reinforcement to resist 
this total moment determined. If both long and short bars are to be used 
ina given width of slab, the point at which the long bars will no longer resist 
the existing bending moment can be determined and short) bar tarted so 
that they are developed In bond at that point 

Since contours must be plotted placement ol reinforcement f implified 


if ordinates to moment diagrams are divided by f, j/ to produce A, diagram 


Krom these diagrams eontours of equal A can be plotted direeth I hese 
contours for the example would be similar in form to the contours of cgi 
values of C as shown In Fig. 3a Partial contours of equal A, are shown i 
hig 7 Krom contours of equal 1.. the total amount of renntoreing in an 


given width of slab ean be determined directly and, if long and short bar 


ure used in the same band, the point at which the hort bat are no longer 


NeCeSSHrV ChHnhl bn directly determined from thre eontoutr 
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As previously defined, ordinates to moment diagrams represent the values 
of bending moment parallel to the direction of the diagram. If a series of 
parallel moment diagrams are cut with a plane normal to the direction of the 
diagrams, the intercept of diagrams on the plane defines the moment profile. 
Thus, ordinates to the moment profile represent values of bending moment 
perpendicular to the direction of the profile. Moment profiles of maximum 
positive moment at the bay centerline and maximum moment at the column 
centerline are shown in Fig. 6. These profiles show, in addition to the magni- 
tude of moments, the true distribution of moments across the bay. 


Agreement with theory 

The fact that Poisson’s ratio is 0.18 for concrete and 0.38 for the model 
material leads to the only general disagreement between the Presan method 
of analysis and the known, theoretical solutions.  Poisson’s ratio enters 
caleulations for moment in the determination of the flexural rigidity 
BI/(1 uw’), and in the curvature correction applied to curvatures at 90 
deg to the direction of considered bending. The procedure used in making 
a Presan analysis Is to use pu 0.18 in correcting curvatures and to determine 
the flexural constant of the model material experimentally, based on yw of 
the material. This procedure gives correct’ results of moment, torsional 
moment, and shear in all cases where the expression of these functions is a 


continuous, parabolic series 


At cantilever edges, at edges adjacent to large openings in the slab, and 
in cases where the load is not uniformly distributed, this procedure gives 
incorrect: results, the percent of error for Mf, being greatest when /, is small 
and ky, is large so that the wk, correction is significant. This occurs, how- 
ever, in areas of low bending moment so that errors introduced are not 
particularly significant. The usual Presan procedure in these cases is to 
graphically construct smooth, parabolic curves from support lines to edge 
conditions of zero moment as representing the corrected curvature diagrams. 


Since it is not always possible to make a true scale reproduction of the 
prototype and still have the surface of the model a plane so that it may be 
made reflective, it is sometimes necessary to model columns, walls, and 
spandrel or other framing beams to an equivalent stiffness on the bottom of 
the slab. lequivalent stiffness in axial deformation or flexural deformation 
is not a funetion of Poisson’s ratio and therefore there is no direct error intro- 
duced. However, when spandrel or framing beams offer torsional restraint, 
there are small errors introduced which are well within the limits of con- 
ventional design procedure 


Comparison of Presan total moment with ACI M 


As previously outlined, the Presan total moment and the statical moment 


2c ' ae 
for the example equals 0.125 wl ( | T. ) 121.5 ft-kips. Total mo- 


ment VW, as defined by the ACT Building Code (ACT 318-51) equals 0.09 wl? 
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Of }k { MAF k AN ¢ . J fe ) 
Al 
| ) VI ehequ S75 ft } Dm OF § totn moment vhich 28. | percent 
SL, 
lf th if} thy trove tii CH lf 
Not onl thie ilue of the ACT total moment low. but there are appre 


clable difference between thre percentages of this total moment distributed 


! 
to low “Hhions Of iain negat ( ind posit e moment in collin and middle 


! 

trips a determined from a Presan ana vhen compared with standard 
\( | coefhicient ‘These differences i! vith Pruetura condition such a 
unbalanced spans or haunche In fact, for certain configurations or support 
condition the zero moment contour clos round the column thu pro 
ducing positive moment rather than the ted negative ACT coefficient for 
middle strip at column centerline 

Table 1 list and | yo oa compare these coefhicient for the example It 


will be observed that for the square bay of the example the maximum vari 


ation between coefficient between 46 percent for ACT column strip negative 
and 50 percent for the Presan analysis at the ime point, or a variation of 
8.9 percent Introducing further the diserepane n total moment, the 
average negative ACT column strip moment 34.0) percent lower than the 
average negative Presan column strip moment Phe peak elastic negative 


moment is 274 percent of the average negative ACT column strip moment 


Fable | compares Presan moment coefficient moments, and required 
feel area ith those based on the ACT total moment using ACT moment 
coefherent and also with those based on the correct total statical moment 
using ACT moment coefficient lightly modified by standard practice in 
ple Ing bysat The Varintion between li tribution of the Pre an total moment 

and the \( | total moment ol / how mn vrapnica |) in lig ton 


Placement of reinforcing steel 


To complete thy example the Inve tivated } Va reinforced to resist 
the bending moment is determined from the Pre no analvsis and this place 
ment wa compared vith oa completed COnVentON ce wht Using thre ime 
total moment with boas plneed In necordanes vith tandard practice Masur 
izes and lengths thus determined are listed 1 Fable | oand the resisting 
moment (] hoth fem Ol reinboreement are hown vrapt really it) lig Oh 

Po compet ile msoluar : | practical for the condition where t hie newurlyve 
moments near the edge of the column are e) high, three lengths of bar 
were used in the Presan ce ivh to resist the negat e COM strip moment 
The long and intermediate bas ere spaced eve n the full column strip 
while thre hort bar ere concentrate | ndinecent to the eolumt vh re more 
reinforcement was nece un Phe effeet ot ih coneentration of bars is 
hown in the relatively low ‘oun Ob Oo rstye it the pe i} elasty moment 
compared fer CO ential (| WV 

lo reinforce the investigated bay for flexure only by the Presan  desigi 


requre 973 Ib of teel per q tf hile rembhoreeme following tandard 
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practice requires 3.19 Ib of steel per sq ft, or 17 percent more. Since total 
moment in the bay is the same for both methods, most of the indicated 
17 percent saving is in the fact that in the Presan design, short bars are 
carried only the normal distance (12 bar diameters) past the point where 
they are no longer required to resist bending while standard practice carries 
some bars a considerable distance past their required length, although other 
bars are of insufficient length. Fig. 7 shows the bar layout for both the 
Presan and the standard practice design. The excess and insufficient lengths 


mentioned above are indicated where they exist. 
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Fig. 7—Presan placement versus standard practice. Both based on total moment = 121.5 ft-kips 





FLAT SLAB SOLVED BY MODEL ANALY 569 





It should be emphasized that the square bay used as an example results in 
the closest correlation between code and elastic distribution coefficients 
of total moment It also illustrates the least divergence between placement 
and required length of reinforcement. The direct application of ACT moment 
coefficients and standard practice to some forms of flat slabs which fall 
within the limits set by the ACI Building Code may result in a totally 
inadequate design. 


CONCLUSIONS 


General 

The use of flat slab floor and roof systems is increasing constantly as engi- 
neers discover the advantages of the system and design and construction 
procedures are improved. Given adequate tools with which to design, en 
gineers will find that flat slab floor and roof systems compete successfully in 
most cases with wood and steel construction, particularly when insurance costs 
are considered. This makes it imperative that code provisions for flat slab de 
sign be kept in line with all current advancements 


Proposed revision to ACI Building Code, Chapter 10 

1. The correct total statical moment in a uniformly loaded bay, with a 
coefficient of 0.125, should be used in Eg. (18), Seetion 1002, and leq. (19 
Section 1003, of the ACT Building Code 

2. The distribution factors given in Table 1004(a) for interior flat slab 
panel without drop panel should be revised in accordance with distributions 
listed in Table 1 of this paper under “Presan method —percent total moment.” 
The remaining percentages in Section 1004 should be confirmed or revised 
by similar analyses. 

3. Additional restrictions should be placed on the use of Seetion 1003 in 
flat slab design, such as maximum ratio of live to dead load 

1. A provision for concentration of two-thirds of column strip negative 
steel in the central one-half of the strip would improve the structural capacity 
of the slab, as shown in Fig. 6, and reduce the effects of plastic flow. Plastic 
flow and shrinkage effects would also be reduced by providing compressive 
steel in the area near the column where allowable AU values are exceeded 
In this example, using f,’ 3750 psi, the maximum allowable A’ value of 
298 will be exceeded inside the contour C 0.153, and the maximum com 
pressive concrete stress 1s 2250 psi, or 60 percent f.’, without this compressive 
reinforeing. 

5. Sections 1002 and 1003 should be expanded to provide specific limit 
ation on extensions of bent or straight bars to satisfy zero moment or intes 
mediate contours, as shown In hig 7 

6. Use of Section 1002 should be limited to square and rectangular bay 
and attention called to the fact that the distributions called for in Seetion 
1004 for slabs with drop panels are valid only for one given relative stiffnes 


of drop panel to center slab 
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7. Requirements for slab thickness should be revised to include provision 


for restraint of supports and design load 
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Fly Ash-Sulfur Mixture for Capping Concrete 
Test Cylinders’® 


By HUBERT F. McDONELL 


SYNOPSIS 


Various materials used in capping conerete cylinders were investigated to 
develop, if possible, a mixture that was economical and would produce cap 
that within 2 hr would not flow or fracture when the specimen Was tested 


A fly ash sulfur mixture combined in the proper proportions and melted and 


{ 


wed at the recommended temperatures produced caps that me ill col the 


requirements 
INTRODUCTION 


Capping the Florida State Road Department’s concrete cylinders in prepa 
ration for testing has always constituted a major problem ince they average 
from 50 to 100 per day 

For a number of years the department used a 50-50 mixture of Type I 
portland cement and molding plaster i the conerete evlinder capping 
material. This combination produced caps that were unsatisfactory unle 
they were allowed to harden at least 24 hr before testing. Considerable 
trouble was experienced due to the eaps chipping during handling, and in 
disintegrating when subjected to the spravs in the moist room for period 
of 24 hr or longer 

High early strength cement, Type TIT, was later substituted in place of the 
Type T cement, which improved the quality of the caps somewhat, particularl 
at earlier ages. This combination produced satisfactory caps provided they 
were allowed to harden overnight This could bye arranged lal eviinder 
arriving in the laboratory several days prior to the date thev were due to bye 
tested, but proved to be unsatisfactory for the evlinders arriving the da 
they were due to be tested 

The use of high early strength cement in postwar conerete COnstructiol 
created a condition that required further Investigation Ob capping mixture 
since the number of evlinders being received the day they were due to bye 
tested had more than doubled from that of previous yeas 

It was Imperative that a change be made in the capping materials previow 


used; therefore, a commercial product composed of sulfur and fire elas 


was tried This material produced excellent Cups but wa loo expensive to 
Concrete I n, V. 26, No. 6, Fe 65. P dis \ ety 
Discussion (copies in triplicate) should the Institute not j ; Add 4 WoM 

Road, Detroit 19, Miel 


tMember American Concrete Institute, A tant | fi 
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use in capping all of the evlinders, so its use was limited to the cylinders 
arriving the day they were to be tested. Therefore, an investigation was 
begun in an attempt to develop a capping mixture that was both satisfactory 


and economical 
INVESTIGATIONS OF VARIOUS MIXTURES 


The first investigations were made with mixtures of commercial grade 
sulfur (1000 percent passing the 325-mesh sieve) and various materials in- 
cluding cement, fine sand, rock sereenings, and fuller’s earth None of these 
mixtures were satisfactory since there was distortion and cracking in all of 
the caps. Practically all means of developing a satisfactory mixture had 
been exhausted when fly ash was included and with amazing suecess. By 
varying the proportions it was established that one part of fly ash to six 
parts of sulfur by weight produced a cap that was satisfactory in every 
respect Further investigation indicated that crude unsereened — sulfur 
melted and handled better than the refined sulfur. The cost of this mixture 
was found to be approximately one-half the cost of the commercial mixture 

No attempt has been made to reelaim the capping material after the 
evlinders are tested, except in an experimental stage which did not) prove 
necesstul 


PREPARATION OF FLY ASH-SULFUR MIXTURE 


It was found that a large eleetrie roaster (24 qt) was ideal for preparing 
the mixture. It is melted at 450 to 500 F after which the temperature is 
reduced to 200 F until the mixture reaches a fluid state comparable to light- 
weight motor oil, when it is ready to be used. The 200 F temperature should 


be maimtained throughout the period it is being used for capping evlinders 





Fig. 1—Electric roaster, hood with blower, and 
capping molds 











CAPPING CONCRETE TEST CYLINDER 


2—Concrete cylinders in 
capping molds 


Fig. 





It is imperative that the mixture be melted beneath a small hood with 


blower attached (Fig. 1), so that all of the fumes will be removed 


60 TO 75 CYLINDERS CAPPED PER HOUR 


Qne man can cap 60 to 75 conerete evlinders (6 x 12 In pel hour when 
using four molds Since the material hardens within a few seconds after it 
is poured into the molds, the capping operation Is continuou \ ladle that 
holds just the right amount is used in pouring the mixture into the mold 
The eylinder is immediately placed in the mold since the material harden 
sO rapidly that it can be removed in 30 see 

An average charge will furnish enough material to cup both ends of from 


2 


50 to 60 evlinders, with an average of 44 Ib per evlinder 
The molds (Fig. 2) are made from cireular steel plates S in. in diameter 
and 1% in. thick. They are machined to a depth of &g in., the bottom being 


Hl4 in. in diameter and sides tapered Oo that the diameter across the top| 





Diss, 





Fig. 3—Capping concrete cylinders and pavement cores 
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624 in. These measurements may indicate that the molds are larger and 
deeper than necessary. However, based on past experience, it has been found 
that some concrete cylinders cast in the field tend to have rough and irregular 
ends In these cases an excessive amount of capping material is required 
40 that the capped surfaces are approximately at right angles to the axis 
of the specimen. Hach mold has two pieces of *<¢ x 2!5-in. steel guides 815 
In. high and spaced 5 in. apart (see Fig. 1 The guides are welded to the 
molds to insure the cylinders being capped in a position that complies with 
the specifications 


TEST RESULTS 


Test results obtammed on the fly ash sulfur mixture at various ages, when 
combined in the proportions of one part fly ash to six parts of sulfur by 
weight are given below. Compressive strength of 2 x 2-in. cubes at the ages 


of 1, 2, and 5 hr were 


Total load at | hr Total load at 2 hr Total load at 5 hr 
ISGIS 20400 20810 
19455 21080 20180 
19470 20260 21550 

\ve IOLSO \vg 20580 Avg 20847 

17D post DIAS psi 5212 psi 


Test results indicate that the COMpPressive strength obtained at the age 
of 2 hr meets the American Assn. of State Highway Officials’ requirements 


for capping material for concrete evlinders 


CONCLUSION 


The Division of Tests has been using this mixture for capping all of the 
department's concrete eylinders, concrete pavement cores, and brick for 
more than 2 vears (Fig. 3 In no case has any of the caps failed, even though 
a large number of the cylinders represented prestressed concrete which tested 
as high as 7500 psi. This mixture has produced such excellent results that 


the fly ash and erude sulfur are now purchased in lots of | ton each 
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floating nine n Croatian) 


Sver JANKovi use Grad i ) slavia 
g WN 7 4 » 140 
Kk ‘ i} = 
Other methods and previous publication 
in this field are reviewed especiall those b 
W. Ritter, L. Vianello, K. Miiller-Breslau 
Kengesser, Winkler, and M. Ritter Author 


con fic ents of sul 


simplified method is presented moment 


vith introduced 


ire od These 


duced to C] pe ron’ three 


equations 


sidence aq] equations ure re 


moment equa 


tions when the cor flicient ol subsidence ure 
ZErO Equations for great number of spans 
ire developed and simplifications for smaller 
number of equal pans are discussed Pabole 
‘ ileulated lor greatet number 0 “pan 
simplit the inal Is 
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of mathematical analyses as well as extensive 
tests on scale-model bridges and on full-size 
elements of bridges 

Two types of bridges have been studied 
solid slab 
tegral curbs and the I-beam bridge 
both 


with in 
Tests 


the simple-span bridge 


have been made on right and skew 


bridges of both types, and on both simple 


“pan and continuous T-beam bridges Ios 


tensive analytical and experimental studies 


Ol composite aetion in I-beam bridges have 
iddition to these studies 
there 


several analytical and experimental investi- 


ilso been made In 


of actual bridge t pes, have been 


of fundamental 
slabs 


yations problems involved 


in the behavior of subjected to con 


eontrate d lonuds 
The 


each phase of the investigation with refer- 


paper includes brief descriptions ol 
ences to the several publications in which 
the reseafch methods and results have been 


reported in more detail 


Construction 


Flat buildings erected with portal crane 


JAN |} ReymMerr. World Conatruction. V. 6. No. 6 
Nov.-Dee, 1955, pp. 19-21 


Describes how the use of a portal crane 
has helped reduce costs and arduous manual 
labor in housing construction in) Sweden 
The crane described has an opening between 
legs of 47 ft and a lifting height of 40 ft from 
rails to hook which enables it to straddle the 
standard flat 


Operation since 


building It has been in 


1O48 and his brought nbout 
many changes im the methods used in the 
construction of flats 


is the 


Among these changes 
inside walls 


lifted 


replacement of standard 


with walls of precast conerete into 


place by the erane. More recently brickwor] 
has been re placed with walls precast ol light 


we ight concrete 


Twin 90-in. concrete pipelines divert storm 
runoff for Paducah, Ky. 


| | torus, Jn, ¢ l Kngineering, \V 44, No. ¢ 
June 1054, pp. 64-06 
Storm sewer included 


project “approxi 


mately 16,000 ft of reinforced concrete pipe 
varving in diameter from 60 to 90 in. Length 
of double 90O-in QT ft 


struction details are 


line Was Con- 


given 


AMERICAN CONCRETE 


INSTITUTE 


February 1955 


Lift slab construction saves Clemson time and 
money 
Witiiam G. Lytes, Consulting Engineer, V. 4 
Sept. 1954, pp. 38-42 

Reviewed by 


No, 3 


Anon L. Mirsky 
Design and construction of new dormitory 


at Clemson Agricultural College is described 


Reinforced concrete water tower for the Central 
Building Research Institute, Roorkee 


Oo. PL Ja Indian Concrete Sombay \ 
28, No. %, Sept. 1954, 1 


Journal 


p. 370-37 


Discusses design of the base slab ol the 


tunk, the supporting tower, and its 


25, 000-ga] 


loun- 


dations lor reinforced concrete 


water tank 


The folded plate—a lighter, stronger concrete 
roof 
Mito S. Kerenum, Consulting Engines V. 4, No. 1 
July 1954, pp. 51-53, 72 

teviewed by Anon I 


Mirsky 


Two types of roof contours were used in a 


building for a Denver equipment firm 
7 shaped (to permit clerestory lighting to be 
used) for the office area, and \ -shaped for the 
shop and display area. Spans were 75 ft with 
22 It overhangs at each end, for the Z-type; 
and SO x 18 ft (valley to ridge) for the V-type; 


latter also carried two 15-ton cranes in each 


bay Design procedure was that of George 
Winter and Minglung Pei (‘Hipped Plate 
Construction,” ACT Journan, Jan. 1947 


Proc. V. 43 


by movable 


pp. 505-532). Construction was 


forms; placing problems were 


overcome by proportioning concrete Mixes 


of the proper COnSISTENE) Author speculates 
on an intriguing possibility: folded-plate roofs 
combined with tilt-up walls to form a com 
walls with the 


plete shell) with continuous 


rool 


Assembly-line technique results in low-cost 
concrete construction at Forrestal Village 
Witttiam R. Lorman and Cart K. Wiener, ¢ 
Engineering, V 4, No. 11, Nov. 1953, py SS 


Demonstrates aday tability of concrete to 
bexee lhe tit 


Foundations 


large-scale housing description 


of construction details ground 


floors, and entrance platforms were cast in 
place Wall panels and mf cond-stor) floor 
and roof slabs were precast exterior walls 


were sandwich panels with cellular glass as 
the insulation material As a result of mass 
production and assembly-line erection tech- 


nique, construction costs were approximately 


SS per sq tt 








African Gold Coast harbor project 
World Conatruction, V. 7, N M \ ee | 


Describes extensions to the 
Takoradi The 
1400-{ft conti 


harbor of main Wharf ex- 


tension, a mtion of the 


deep 
water quay Wall was built of precast concrete 


The 
bonded and 


block weighing about 15 tons block 


} 


were laid in 


keved 


} 
horizontal courses 


vith conerete jogg 


iC 


Printing works for the Bank of England 
Cor ind ¢ d na King Law 
No. 1 N 4,7 7-34 


i 


precast members ind rch 


construction re utilized in two-building 
printing plant \I in hall has double irct 
ribs with north-light shells spanning betweer 
them The two ribs comprising each arch 
ire 3 it GO im. apart to accommodate variou 
services Arche Vere recast im section 
and prestressed in place Shells were cast 


in place vith moy ible lOrmiwort Balanced 


cantilever construction was used in general 


printing hall, the roof of which is G4 ft wide 


It consists of four free-standing ba each 
comprising four cantilever beams (prestressed 
between which there are north-light shel 
roots Shell vere pres ist ind then pre 


stressed in place 


Multiple-stor 


" " 
ining Viill Lint) 


SeCTIONS O 


building ind ret utilized 


precast elements in combination with in situ 


concrete Formworl md erection ind pre 


stressing techniques ere notable throughout 
project 
An articulated groyne 
Concrete and Cor 4 nal Ky | 
V. 49, No. 10, O 4 

\ flexible concrete groin or jett byusilt 
ol two parallel rows ‘>! >-ton concrete 
blocks vhich are tree to settle Mdepenade 
of one another, but held together belo 
beach leve I> Hexitole i! or ) ! 


Mixer for making aerated concrete 


The Engines | lor V. 108 . j \ 
Wt nm 


Ady imtuge med tor wri od corns ! 
mortar used for grouting include increased 
resistance to Trost ind hemile 1 attack ina 
reduced cost due to the bulking = effect 
British mixers, of 4- or S-eu ft pacit ‘ 


PPULTnapo Eracouarate Lor 


thie Liye Hassis delve! grout at pre in 


Spanish east coast harbors (Les ports de la 
cote Est de | Espagne) 
ree A 


i.N J l 4 


Future fishing center of the Port of Dieppe 
(Le futur centre de maree du Port de Dieppe) 
M. Desnazeitie, A lea I t Chau 
Paris), V. 124, N lar A 41 


| wed \ L.. Mur 


ruin i ind Otte i" 1 Ay batract 
of this artiel n tonglist is published 1 
Civil Eng » and Public Vi h 
London), Mar. 1954, p. 254 

ly bryaddear el baat Ie eric it} 
tructural poet l he second paper niet 
il Inne the taecrite ‘ 1 ! ted 
nad tt) ‘ hich } 1 ty ed 
place Dieppe or ! hy ¢ tin fis} 
ng port le 
tressed 
Junior high with every unit expandable 
irc) ral Forur ? 0 4 

Phi hool b | | PRNe 

| precast concret igned ir 
expandable Iras rool if 
prestressed ror lev 


structure to date lift-slab 


Largest 
method 


built by 











580 OURNAL OF THE 


Dams 


Structural behavior of concrete gravity dams 
G. Gone and W. G. Morison, Ontario Hydro Re 
search News, Uydro-kleetric Power Commission of 
Ontario, V. 6, No. 2, Apr.June 1954, pp. 1-8, 19 
\rorTnons’ SUMMARY 

Results of this ¢ 


tensive instrumentation 


program have provided it reliable check On 
theoretical assumptions and 


vielded field data which will 


of sinnihar 


ian have 


“SAI st the design 


structures in the future Large 


thermal cracks do not exist in the interior 


of the mass conerete studied despite the 
placement of large monoliths Apparently 
the effeet of the slow decline in temperature 


and the oltset 
growth: 
strength ol the 


plift 


resulting increase in stress are 
ly conerete creep and 
that the tensile 
xceeded 

remained constant during 
flour years No 


HUTOZeTIOLLS 


it is evident 


eoncrete is not e pressures 


are low and have 


the prust three or high or 


erious stresses were observed at any of the 


measuring stations; the measured strains 


deflections, and joint and shear 


that the 


movements 


indicate structures are behaving as 


a homogenous rigid foundation 
and have the 


quality conerete 


Mass On it 


tructural properties ol good 


Sarda hydroelectric power station—VI 


HALERUMWAK Natu Indian Concrete Journal 
Sombay \ 8, No. Y, Sept. 1954, pp. 361-4 


Concluding article in series, with previous 
and September 1950, April 
1953 issues of 


Describes 


articles in July 
1951, May 1952, and July 
Indian Conerete Journal 


struction of spiral 


COL 
rools, cable galleries 


control room, outdoor substation, and intake 


yute structure 


Reservoirs and water power plants. V. 1— 
Dams (Stavanlagen und Wasserkraftwerke) 
Heinnicn Press, W. Ernst & Soln, Berlin, 1954 
12 pp 

“7 Reviewed by J. J. Poutv«a 


special terest are chapte rs on conerete 


dams (general design and 


details); (2) arch 


dams: (1) gravity 


use, structural analysis 


dams (general design and use, their limi 


tutions, allowable stresses, various methods 


of design as one- and two-plane method, 


shell type method, method of eyvlindrical 


shell, experimental stress analysis); (3) shell 
and dome dams with piers; 


type dams; (4) 


ure h dams 


and (5) multiple 


Other ch ipters 


AMERICAN CONCRETE INSTITUTE 


1955 


February 


deal with reconstruction and repair of dams, 


increase of their height, underground dams, 


methods of construction, and maintenance 


Special attention is given to recent develop- 


ments in conerete dams, their economy and 


safety (as e.g., originated by Bureau of 


feclamation, Lars Jorgenesen, Ambursen, 


Dischinger, Komendant, Press) 


Design 
Folded plate theory and analysis (Faltwerke) 


Joacuim Boun, Verlag Konrad Wittwer, Stuttgart 
1954, 204 pp., 21 DM 


\ comple te treatment of the analysis and 


design for “folded plate’ or hipped plate 


construction The approach is logical with 


t minimum of theory and higher mathematics 


and a generous use of pr tures, sketehe s, and 


diagrams Kach theoretical derivation — is 


followed immediately by numerical examples 


ol its application The material includes 


complex (more than two 


simple hipped plate, 


plates meeting at a joint), symmetrical and 


unsymmetrical loads, and uniform and con- 
loads 


applied not only 
north-light, 


centrated Hipped plate analysis is 
to roofs (gable end and hip 
end, butterfly, pyramidal ete.) 
structures, 


slabs \ 
1920- 


but also to bunker silo storage 
and horizontal baleony 


selected 


stairways, 
bibliography of from 
1954 1s 
test results on such structures are 
It should be valuable for study to 
students and to 


papers 


included. Some of the few known 
discussed 
iu vanced 
practicing engineers tor 
design Reinforced concrete designers should 


appreciate this structural form, particularly 


since it represents nearly as efficient a use 


ol conerete as thin shy Ils without recourse to 


curved forms 


Design of reinforced concrete beams with light 
tensile reinforcement from the modulus of 
rupture (Le calcul a la rupture par flexion des 
poutres en beton arme' a faible pourcentage 
d'armature tendue) 

Rh. CHAMBAND innales de Tnatitu Technique du 
Batiment et des Travaur Pub Paris vi, » 78 

! 


Reviewed by Pritiipe I MerLvitwr 


The elastoplastic theor Wiis used to 
lightly 


modulus of rupture 


design reinforced beams ut the 


To explain higher actual 
bending moment at failure the author shows 
that the appearance of the stage of strain 


hardening of the steel beyond the qduetile 








LiOWws i stee] 


The 


Inector 


stupe stress that exeeeds the 


Vie Id point bond of steel to eonerete is 
4n important 


that the be 


In this problem. It. is 
concluded 


ims followed the law 
ol clastoplasticit To support the con 
clusion, 150 tests are analyzed went hour 


references are addended 

Strength of plain, reinforced, and prestressed 
concrete under the action of combined stresses, 
with particular reference to the combined bend- 
ing and torsion of rectangular sections 

Henry J. Cowa Vagazine Cor Ki 1 
London), No. 14, De 7 


4 | St 


\ ORS S 


\ theory for the 


reinforced eoncrets 


strength of concrete and 


under the action of com 


W hic h 


Rankine’s maximum principal stress criterion 


bined stresses is advanced combines 


ind Coulomb's internal friction criterion 


equations for the strength oft 


plain, rein 
forced and prestressed concrete in ceom 
bined bending and torsion are then derived 
The distinct difference between primar 
bending and primar torsion fracture is 


explained by the dual 


eriterion of failure It 


character of the 


also accounts for the 


increase In the torsional strength of a rein 


forced concrete section resulting from the 


addition of bending Prestressing delays 


the formation of tension cracks until the 


compression due to the initial prestress ha 


been offset, and it therefore effects a great 


improvement ino the torsional strength of 


concrete 


Doubly-reinforced beams: a quick method of 
design 
J. S. Savona, Concrete and Conatructional Engir 
London), V. 49, No. 11, Nov. 1954, pp. 333-33 
A table 


method of 


ind graph are presented as a quich 
checking stresses in 


illus 


designing o1 


doubly-reinforced beams | Larniples 


trate prodecure 


Model tests of concrete structures (Ensayos 
estaticos mediante modelos de estructuras de 


hormigon) 
HemMa Keer, Publication N ] Acader 
I xact Sciences and of Technolo Pu an Nationa 
Universit Aryentina, 1050 
kK i } t | | b 

, * ‘ ; 

Reviews previous methods and results o 
model testing and discusses the advantage 
and disady thituge ol photoelastient The 


ind Prot 


ki. Tscehech was similar to that emplo ed b 


model material used by the author 


the Bureau of Reclamation t composition 


yVpstim, dintomiuieceots eartl tried 
After a ser test  2:8.a° io east 
I veight Ih Vil chosen Phi thateria 
had «a modulus of elasticit varving ” 
2100 to 4200 ksi (according to the amount 
of binder and bora permiissntole tresse 


vere 140 pst in compre ton und dO to oo 


psi in tension; specific weight was 0.9 (56 Ib 
per cu 1 \ special chapter deal vill 
the relationship between dimension tress 


ind «le fle« 


those of the structure Test ire 


tions Of the model compared with 
deseribed 
built am Aw 


cribe | itiel 


ol “eVveriul ehh dam tris 


Preparator tests are ilso che 
illustrated (¢.g., triangular cantilever under 


triangular 


loading corresponding to | 

drauly pressure ol m gra ! dam In the 
second part of the book tests ana omplete 
stress anal is ol an arch dam are described 
the results are compared with theoretical 
anual is (bb Polke Ritter, Bousine q Vogt 
ind previous model test Bureau of Reels 
mation. Oherti 
Influence lines for continuous beams. Unit 
ordinates tabulated 
] NIAKKLA kengu j Londot \ 178 
Wh) Aug 1) 154, 43 j j 

It \i I I 


Labor of cale lating rotations over Ipport 


Ol muitispan continuous benmis ds Con 


ib reduced by 


ler 


ipplying unit angular ci 


tortion at an intermediate 


upport and using 


Slope deflection equations to obtam relation 


between rotation thus reducing number of 
simultaneou equation tor bn olved to two 
\ table of unit influence line ordinates 4 
viven to recdues thie liabvon ” iting 


ordinate 


Load distribution on the piles of a pile grid 
(Die Lastverteilung auf die Pfaehle eines 
Pfahlrostes) 

E. Jace Der Bauingenicur (Berlin), V. 29 


\! i 1 load distribution by method 
te tie detormation | ine re cor 
dered | niinuous group i Inder re 
taining wal mid (2) isolated groups, a 
inder crane footing Method is claimed to 
De applicable to grotips containing prile Nill 


issorted 


SNOT) | Kore 


in De 


md the author 


July 1954, p. 272 


Bawis qenweu 











Materials 


Possible uses of aluminous cement with other 
cements in sundry surroundings (Possibilites d’ 
emploi du ciment fondu avec d’ autres ciments 
au sein de diverses ambiances) 
M. luntez fina de ly fut Technique du Ba 
ment et des Tracauz Pub Pa No. 75-76, Aj 
Mar. 1054 
Reviewed by Puiu L. Mes P 
\luminous burning 


eement rrisacle bys 


bauxite wd dinne hits special 


high 


will set at below freezing te mper 


properties 


very high early strength resistance to 


reid waters 


itures, good refractor low resistance to 
bases especiuall free lime and alkalies It 
consists essentiall of anhydrous monocaler 


alurminiate Research indicates that ho 


chemical renetion vill take place between 
concrete with aluminous and = portland 
cement juses from portland cement will 


iffect and weaken aluminous cement con 


crete only when the are Porous Speed in 
setting of the iliminou eement tin bn 
controlled by needling iruable wnotints of 


slug cement 


Materials of construction 

VM. OO; Worries md (4. W Wa a, Ut hud Jolu 
Wile A ons, [ne New Y k, N.Y 1954, BOO 7 
sv 


The book hist 


meluding 


ciate 
biacl 


ind manufacturing 


heen 


brought wp te 
much new material As 4 
yround, it cover 


\ brief 


Ources 


treatment of engineering mechanics 


introduces a 


ection on testing and testing 
equipment Agyregate, cement and conerete 
properti 4 ind fests recelyve it thorough 
treatment Designer ind specif ition 
writers will benefit by this section which 


includes extensive test data on properti 


ind conditions capable of supplying answers 
fo many nonroutine questions ind problems 
This book will be a definite 


reference library of 


wsset to the 
practicing engineers and 


conerete contractors 


Variations in quality of cement 


I soy Mencrn, Commor alth Enqinee Mi 
bourne), V. 41, No. 1, A 1953, pp. 20-24 

While cements produced toda satist 
specihiication requirements there exists a 


lack of untlormuit mantilacturer to 


The Slip 
that greater consideration be 


from 


manufacturer and time to time 


gestion is mince 


given to testing cement in concrete and that 


AMERICAN CONCRETE 


INSTITUTE February 1955 


the cement  industs establish target” 
trengths much the Seanad is used lor pro 
portioning concrete The ilternative Is 


mentioned of placing a limit, «as 


well as a 


reduce the 


Mia Nitin 


minimum, tor cement testing to 


variation in the various cement 


Yroupes 


Concrete proportions (Composition des betons) 
kt VALETTE Kevue de Vateriaux de Conatruction 
Paris), No. 463, Apr. 1954, pp. 87-98; No. 464, May 
wa, py } 27-1546 
Reviewed | P wie L. Mecvinnws 
It is bhuntl 


stated that the only basis for 


concrete mix design Is Feret’s law for a void 


less conerete with a minimum water content 
lor a given amount of cement The voids 
in the wet aggregates shall be less than 
56 percent of the volume of the cement 


paste fo obtain optimum conditions a 


ili = Ol 


sand is required and a gap- 


yradation must be used Recent studies by 
Pasquet, Lezy, Joisel, Manche, and Martin 
ire reviewed to show that their methods are 
only right when they agree with the authors 


ind use gap-gradation as 
Keret’s law The 


eement 


an application of 
resulting efficiency in the 
ime ol the 


increased workabilit 


ind durability are discussed. Examples are 
given with detailed deseription of the working 
methods to be employed In proportioning so 


that only « trial batch is needed as verification 


of this foolproof” method The author 
does not emphasize the painstaking care 
with which the aggregates are s¢ lected and 


controlled nor the economy of the mix He 


ippears to challenge anyone to Improve on 


his method of concrete mix design 


Entrained air benefits lightweight-aggregate 
concrete 

braneis J. Mas en, ¢ Eng ng, V 4 
N 1, Jan. 1454, 4 We OY 


} 


The properties of lightweight 


h irsh 


to entrain air in the 


make if 
The 
went used to best 
different than that 


ised in regular concrete, and often must be 


which produce also 


difficult 
type ol 


concrete 
concrete 
“air-ecntraming 


vivantage is usually 


cle signed for the 


Mixing 


weight concrete with and without air entrain- 


specifi type ol aggregate 


sequence also differs between light 


ment Range of air contents for various 


types and classes of lightweight coneretes is 


viven 


is well as properties of such conerete 








ter 


has been mace 


Decorative and protective coatings for concrete 


J wed ws as 3 | 


25 tremendous progres 


! 


in the deve loprne nt of co 





lor specific purposes, which can be classified 
recording to the oOnowlng Priiain Kroups 
1) decorative treatment 2) light pro 
tection against deterioration b OCCASION 
contact with aggressive ipors and liquid 
ina 3 ern protection whainst deter 
ration by continuous contact ith agwere ive 
substances is ith He contain na 
industrial structures Phe ious counting 
inalyzed ind classified ipproximate inn thy 
ibove categories ure )) ter | l ( 
ind mineral base paint i emet 
] 2 paint ll ’ | tn ! im ] 2 
Lequers ristoby Tplise ‘ | 2 5 
Hearne 2 ind bitumi tl 2,3 


Producing lightweight aggregate from slate 


Wa a i Ls } 
la 4 ; is 
Pwo-kil plant r pl Lei eNparede 
lightweight sggregute mechanized througt 
mit for high effied nal ¢ mom boxe 
ition, crushing l reening ne iil 
operation ire i ete | 
Air-entrained concrete 
Ilan | RMA f 
\ Lo 4 
| Ay | { 
Subtitled “A Look at the Reeord ‘ 
resent botl t bru Historica mith 
na iti ¢ ‘ poriele! inve 4) irrent pr tiee 
Experimental comparison between  Lossier 
cement and Swedish standard cement in 
cement mortar wedist 
( sn M edd if 
Swed ( nd Cor t | 
kK I 
4, 40 
In tests mace pecime ‘ 
pu te md cement mort I sy biti t¢ t 
VAS give! t 1 ‘ te ! ' ere 
sidered to be ( ive in estimating the 
suitabilit ol the rete r use | inder 
ground concrete tank wv storage of hyd 
carbons, particularly gasoline According! 
the tests dealt ith the fol ing char er 
istics Of the cemer elliing or dilatation 


Pozzolanic cements from blast furnace slag 


mn CC. Las 


’ ‘ 
! tiv Pozzo 
‘ dl tes 
‘ ‘ he 
‘ " i 
engtl ‘ 
renter the ! 
rsile treny 
hing Ihe 
irrie el 
i 
Il l LB | 


if 


it 


Aggregate grading and the design of concrete 


mixes 
) \ 
j 
sinigele ined 
prociice ! ‘ 
rracding ly 
t | 
eve 1) ! 
pern rin 
' a“ 1 
{ 
{, ou j 
more hey 
t} 
eCpuruate Tl 
‘ , ¢ 
bot 
re or } 


j 
| 
j 
a 
we 
nadia 
i Lit 
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Pavements 


Rigid pavement investigation model studies of 
pavement joints 


Obio River Division Laboratories, Corps of Engineers 
{ “ Army, Mariemont, Ohio, June 19054 
Hiaunwa Kererancn AnustTmac 
(pet. 1054 
Presents results of a laborator <tud ol 
keyed construction joints, using small-scale 
models, and sets forth eriteria from whic 
the most advantageous dimensions for a 
keyed joint can be determined It) sum 
marizes results obtained from some 300 
model specimens, and deseribes the equipment 


ind techniques employed. Criteria are pre 


“ented for the determination of the ke 
slab thiekness 


the 


as a funetion of the 
that 


dimensions 
It is 


eriteria 


recommended following 


bn adopted for determining — ke 
construction joints 
0.2 of slab thickness 

0.1 of slab thiel 


slope ol ln vel ke bon | 


dimensions lor keyed 
(1) vertical depth of ke 
(2) horizontal depth of ke 


ness; and (3) 


Stresses in subgrade under rigid pavement 
and’ Danien WK. Y Ar, Proceeding 
Board, \ 5 1954, pp. 121-129 
AcrHoRSs' St 


(jenatp Piceker 
Hlivhway He 


MMAKY 


Simplified eXPression for the theoretical 


the subgrade under a 


The 


substitution of an 


tresses in pavement 


ire obtained simplification results 


from: the arbitrary com 


bination of two solutions based upon priate 


theory for the usual rigorous solution of a 
two-layered tem. The range of appli 
cation of the substitute solution is) great] 
extended by arbitrary choice in each com 


ponent solution of the factor which expresses 


the effect of the Poisson’s ratios of pavement 
ind subgrade on the radius of relative 
statinve 

Use of simplified expressions is facilitated 
by the inclusion of tables from whieh the 
stresses for given conditions may be obtained 


bry ante rpol ition 


Concrete roads: research and constructional 
experience 

British Constructional Engi London V.4, No. 4 
Mar. 1954, py B25 


\ review of some of the problems in con 


erete pavement construction and 


progress 
slab 


riding 


toward their solution Topics iIncluce 


design, joint spacing and design, 


quality, surface texture, 


and quality control 
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New, heavier runways built for U. S. bombers 


Cor uclion 


yurpment, Ay 1954, p. 16 


/ 
ARBA Treunicat INroRMATION Dicks 


May 1954 


Air Force at Carswell 
includes the build- 
thick, 300 

Another 
strengthening of an 
that 


\ project forthe US 
kort Worth, Texas 
3300 {ft long, 16-18 in 


S480 
Img ol a 
reinforced conerete runway 
the 


Specifications 


ft wick 

contract calls for 
existing ipron 
10 in 
10 to 15 in. of 


minimum thickness of 20 in 


require 
the 6 to concrete slab be overlain with 
to provide a 
The old puve 
ment was first tested with a 50-ton pneumats 


tired 


new concrete 


Broken concrete Was replaced 
the 


roller 
AP-5 asph ilt 


veuk irciis 


ind Wits pumped under 


Joint-sealing maintenance operations 
( W. McCauauery, Proceeding Highway 
Board, V. 34, 1954, pp. 4355-359 


Researc! 


Describes use of cold-applie d, read mixed 


rubber sealer in concrete pavement joints 


Concrete pavement 9 in. thick supported by 
4 ft of selected material 

Connap H. Lana, Civil 
No 19545, pp. 44-46 


Engineering 


Description of design and construction of 


pavement on New York State Thruwa 


New technique for repairing spalled joints 
Public Works, Nov. 1954, p. 68 
ARBA Tecunicat INrORMATION DIGEs1 

Spalling of contraction joints on a recently 
built enused by 


fault 


concrete CXPressway Wits 


assemblies and 
These 
spalled portions 


to be 


installation of joint 


improper edging of joints joints were 
rm paired by removing the 


thoroughly cleaning the area patched 
ind filling with a concrete patching mixture 

\ concrete saw was used to make a vertical 
back of the 
the 


After removing 14 


eut 14 to 2 in deep about 6 in 


contraction joint and extending length 


of the damage d section 


broken 


to 3 in. ol concrete, the area was 
cleaned and = grouted \ joint cap was 
inserted over the contraction plate and the 


patching mixture proportioned 1:5, 40° per- 
cent course pea gravel and 60 percent sand 
was placed and vigorously tamped to insure 
positive contact with the slab being patched 
\fter 


allowed for setting, the joint cap was removed 


finishing and edging and an interval 


and the joints filled with joint filler 





CURRENT 


Precast concrete 





Precast construction in a multiple-story school 
y 7 nal Engir Lond 


\ school covering about 54,000 sq ft i 
being Used ts prototype for the Intergrid 
system of construction This system was 
designed for buildings of up to four stories 
It is comprised of light prestressed frame 
ind precast panels to form the floors and 
outer walls ill of which conform to a 3 ft 
bin. module Details are given on columns 
column heads, beams, floor and root iit» 
valls, and method of construction 
Precast concrete slabs for industrial floors 
rs 2 VA ER I 1 Kosma, / 2.2 du \ 
rv N 1) si s 

Describes production and use of several 
types of precast floor and pavement slabs ir 


The Ne ther] inds 


Prestressed concrete 


Calculation of deflections and bending mo- 
ments at the supports of prestressed beams 


I W. Be ' ( ind ¢ ul | 
’ ny (Londor V. 48. N N 195 
$45-448 


A tuble al 


profiles of cables in be 


formulas 1 or commot! 


presente ad 


ims Of Unilorm ero 


section to <implit (i calculation of the 


initial deflection of a beam due to the pre 
stressing lores ind (bb evaluation of the 
secondary moments caused by the prestressing 
ola statientil Indeterminate trueture 

examples are presented of the use of the 
table lor both o these ¢ ‘ An example 
is also given of the e of the formulas 
in designing Indeterminate prestressed 
structures 


Manufacture of prestressed concrete pipes 


J). Hasker, Coneatru nal | Ine \ 
No. 7, N ) 1 
Describe two method ol muanulacturing 
prestressed concrete pre ire pope vine 
winding ol a prelormed she md (2) inter 
pressure stressing In the case of the ie 
winding method discussion of the the 
ind the results o pressure test ire ini Wied 
For the wire winding process a med 


hell, jon 


piticdinial 


prestressed i ‘ il 


REVIEW 


is wound with high-tensnie vine inder 
predetermined tension Phe exposed steer 
is then covered with i conting of cement 
morta 

Internal pressure stressing is accomplished 
! pl mg an exp redatole heet met rm 
inside the pipe belore the conerete } at 
irrounding it with solidly packed sand i 
ippiving ntermal pre ine ined trent to the 
ore The pipe can be removed thy 
mold in 24 ha \ recent development of a 
pectil collordal ithe hich tors i filn 
between itself and the concrete, has eliminated 
the ind and the core 


Design of longitudinal cables in circumfer- 
entially wound prestressed concrete tanks 


AR. ( l aand Hf. J. ¢ Va ( 
/ 1 London N I 4 
Juring the circtumberenthal pore 
© evilindriesal tar migitiids Teeny 
tre f int et up) ile Ui iret ! el 
the tensile tresse must be « od | 
i longitudinal prestre Phe paper ce | 
t theor ly vhich the on le hi 
lorgat idinal prestre i a lets 1 
It is assumed that the thickmne ol tte 
l small Compare 1 with the diamete fie 
liner nad that the ete bel 


of prestressed pile 


i¢ d i / 


New type 


\ ol, p. 32 Phe be ection gives thi 
ple a section mod louble that ola 
pile comparable ight Dha hort 
tandard sections m t unnecessary to have 
tockpiles of different length pale i Isdor 
resale r lengthening the pul place 
Prestressed deck proves cheapest for new 
Hoboken pier 
wT O. | ) i 
( " ) 
Phe prestressed ¢ ete dec 700 528 
t | ) { mm r element pre 
te honed pre tringe nd post-tensioned 
pile ipp Dent ey I re i » presented 
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Building at London Airport. Prestressed pre- 


cast frames and beams 


} 


Concrete and Conatructional Engineering (London 
V. 49, No. 1, Jan. 1954, pp. 14-17 

Generally the main building consists of 
prestressed concrete members simply sup 
ported on two columns. The cafeteria and 
dining room are spanned by 14 precast 
frames 12 ft on center with a span of 48 ft 
center-to-center of columns 

The frames are prestressed by high-tensile 
iloy steel bars which were post-tensioned 
All component vere precast on the site 
Keach frame consisted of footings, columns 
and rain bn itis if halve The REC ueTICt 


of operations in erecting the frames is given 


Two unusual prestressed-concrete buildings: 
Printing works for Bank of England 


Engineering (London), V. 178, No. 4624, Sept. 4, 1954 
pp. 15-417; The Engines London \ 108, No 
5145, Sept 1954, pp. 444-446 

Reviewed b Anon | Minsky 


Main production hall consists of 22 iden 
1 be 


tieal S6-ft bas Ol prestre ed arches iTnis 
and conerete north-light (suwtooth-t yo 
shell rool Arched beams are constructed 
in pou with 3.5-ff gaps to provide spies 
for services; beams are asymmetrical, with 
125 ft clear span and 35 ft maximum clear 
rise, and were precast in segments. The 
yenet il printing hall uses a balanceed-canti 


roof of O4-ft supported b ‘ 


10.5 tt 


le ver puin 
columns 
hell 


cantilever 


row of twin 
north-light 


‘ 
hie 


central apart; 
construction 
loaded 


Oper ition 


the 


rool is also ol 


The 


te Hipoor itl 


ends of were 
atre 
thy 


COMpPression 


during = pre “Ing 


to vent overstre concrete it 


the be 


ol 


pre ng 


tts if 


thene 


top ol 
Last 


Lructiure Wil 


out inferesting and unusual 


based primarily on production 


| 


on repetition ( 


Process empha ! Wil 


construction element 


Prestressed ‘cow palace" for Los Angeles 
, ‘ \ ‘I ‘ ] 


(‘nantes J. Pankow, Jt ( Ni 
| deve 15 " j 

Describe construction of SO,000-sq ft 
wricultural exhibit building in Los Angeles 
Basic framing stem is comprised of pre 
stressed) conerete girders and purlins sup 


ported by enst-in place exterior columns and 


precast intertor columns ‘Typ il boa sprite 
ing is 36 oo it The IS-ft high perimeter 
\ ill is pres ist concrete panel ind the near! 


3-in. monolithic slab 


flat 


rool amon 
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Prestressed concrete (Il cemento armato pre- 


compresso) 
Guiseret Rinavot, Vitali e Ghianda, Genoa, Italy 
1954, 104 pp., 2000 lire 

MAGAZINE OF Concrete Researe 


Sept. 1954 


the 


historical review 


is divided 


brief 


The book 
first which 
of the technique of prestressing, followed by 
the 


Into lour parts 


ol PIVEeS 


i description — of principal systems, 
particular attention being paid to the system 
Rinaldi 


consists 


deve loped by Profe SSOr 
The 


specification 


second section olou typi il 


{ 


lor prestre ssed concrete struc 


ture with end-anchored ¢ ibles, followed by a 


résumé of the practices of several European 


Ital 


and eng! ind 


countries Belgium, German Frances 


Switzerland 


The 


third section consists of typical cal- 


culations for bridge s of 22-m and 46-m span, 
and drawings of several of the prestressed 


bridges in the vicinity of Bologna 


The last section gives the results of tests 
carnied out on a prestressed beam of 26-m 
pan built up Ob precast units 


Properties of concrete 


Permeability of concrete (Betongens vatten- 


tathet) 
Pen Nyea eR, Meddelande 113, Statens Provning 
sanstalt, Stockhols 1954, 22 py 

Discusses effect of various factors on pel 


of concrete, including grading and 


meability 
entrainment, 


purty le shape ol aggregate, all 


conditions of moist curing, and water ab- 


After 


luctors 


sorption during curing water 


to 


pre Ssure 


Is applied eoncrete discussed 


’ 


include dissolved air content in the water 
ind dependences of leak ive on water pressure 
Determination of nonevaporable water in 
hardened portland cement paste 
L.. E. Coperann and J. C. Haves, ASTM Bulletir 
\ “4, Dee. 1953, pp. 70-74 

4 ' SUMMAI 


\ revised method for determining the non 


‘ iporable water ol hardened portland 
cement pastes consists in drying samples in 
in evacuated Space which is connected to a 
moisture trap held at 7 C. The new 


method is simpler to use than the old since 


the partial pressure ol water vapor is con 
trolled more easil Less time is usually 
required for the drying process and the pre 
cision of the measurement is slightly greater 








Dynamic testing of materials 





I J MiITcHeL! P ceedings Highway Resea 
Board, V. 33, 1954, pp. 242-258 
Au s SUMMAI 
Describes dy namie tests of both sonic 
velocity and resonant frequency types. Soni 


evaluate the 


water-filled 


tests made to 
both air-filled 
transmittal of 
Another 


Ve low it 


velocity were 


effect ol and 


cracks on signals through 


concrete series Of investigutions 


consisted of sonic measurements on 


masses of sand gravel combinations of sand 


or gravel with water, and = freshly mixed 
concrete 
tesonant Trequene, dyvnamik fests were 


compared to sone velocities hlexural ind 


torsional resonant frequency testing on rocl 


cores revealed unusual reactions. Some indi- 
entions of heterogeneit and loose structure 
were evident even in apparently sound 


Poisson's 


indicated by 


specimens Irrational values of 


ratio, which 


these 


were 


frequentl 


Cores ire discussed 


Pulse-velocity techniques and equipment for 
testing concrete 

} 4. Wuirenvurst, P eedings, Highwa Researct 
Board, V. 33, 1954, pp. 226-242 

bee ti 


Describes several devices which have 


developed for measuring velocities 


1 he 


pulse 


pulse 


through concrete devices fall into 


three categories (1) generated b 


single physical impact with no provision for 


visual observation of test signals (2) pulse 


generated electronically and = visual obser 


vation of signals, and (3) pulse generated b 
and visual observation of 


physic il blow 


signals \ brief résumé is also presented o 


the interpretations which ious investi 


gators have made of pulse velocit test 


results 


An investigation of the erosive effect on 
concrete of soft water of low pH value 


r, & HALSTEA Vagazine of Cor te He 
Londor Vv. 6, N 17, Sept. 1954, 1 44-08 


The effects of soft moorland water on 


conerete has been studied by tests on 4-in 
concrete cubes immersed in moorland water 
or tap water lor 


After 


concrete lost 


periods ol up to j Curs 


immersion in soft water, all types of 


strength and weight to an 


extent which increased as the immersion was 


prolonged Cubes made of portland cement 


concrete of very high strength or high 
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ilumina cement conerete lost ttootuit = cone 


third of their strength after 4) years’ im 


mersion Cubes of econerete= of ill other 


types Irrespective of strength or kind of 
cement used, lost ibout half ther strength 
iffter 4 years’ immersion Concrete con 
taining entrained ult behaved similarl but 


conerete painted with bitumen maintained 


its strength while the coating was intact 


Testing the strength of concrete by the ultra- 
sonic-pulse method 

R. Jones and J. HW. Ws eK ( ind ¢ 
tional Engineering (London \ wv 


1454, py 145-547 


Describes the use of the ultrasonic-pulse 
method to asse the trength of precast 
units used to form sections of primary and 


to be assembled 


to form the be itis 


secondan tw itis whic vere 
ind pre stressed on the site 


in a school building 


Testing of concrete by an electromagnetic 
method—1 (L'Essai non destructif des ouvrages 
en beton arme) 

F. Latsne and J. L. Croqur La Technique Mod 


Conastructior l \ ; N i Ay bot 
119-124 
| i} ALEXA wt t. Tus 7 
\ procedure to determine the quality of 
concrete ind its strength b in electro 


French 
Nonae 
Paris 


method 


magnetic method was proposed hy 
engineers at the Contlerence on 
onerets held iti 


1954. Called the one 


structive Te ting of ¢ 


inh Janu ul 


it consists of measuring the peed of the 
propagation ol an Clusty Vive etoup iD i 
vib ition mechanism ind thre ibsequent 
determination of the modulus of elastieit 

ind Poi “Ori Ss ratio al thy eoncrets both a! 
Vhich are funetions of its denesit Ph 
testing equipment melucde th ORC TTOSCODE 

t Vibrator, an oseillator-amplifier unit, and 
i pickup It is claimed that thi method 
can be cesstul ised in the field, a vel] 
is in the laborator on specimer ip to | 
me thick Sith an aceurae Vithin | percent 


In addition to determining the qualit of 


the concrete, it can be used to determine the 
location of erael in the conerete and it 
iggregate the quality of construction jot 
ind the bond between the conerete and rein 
lorcement The yreutest wivant ive 0 thi 


method lies in its nondestructive effeet on 


specimens and the possibility of testing them 


‘1 ‘ 


under 


thy Progressive i 
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chemical agents and abnormal atmospheri 


conditions It can be used, also, to check 
concrete which has been subject to fire and 
frost 


action, or prematurely placed under a 


severe loading condition 


Testing of concrete by a radioactive method—2 
(L’Essai non destructif des ouvrages en beton 
arme) 


PF. Laisne and J. L. CLoqus 
ion (Paris \ 


La Technique 


I Moderne 
9, No. 7, July 


Construct 1954, pr 


2b 4nd) 


Reviewed by ALExaNvDER M. Turrrz 


Mir Brocard of the 


ment et des Travaux 


Bati- 


Publics is presently 


Laboratoire du 


engaged in periecting a me thod to determine 


the strength of concrete by measuring its 


resistance to the penetration ol radioactive 


gamma rays. The extent of the penetration 


of radioactive rays through conerete of 


known thickness is a function of its density 


Therefore if « radioactive emission of " 


known magnitude is applied to the surface 


of a concrete specimen, it is possible, by 


means of a Geiger counter, to determine the 


intensity of the rays at the opposite side of 


the specimen It is claimed that with this 


method the density may be determined with 
an accuracy of | or 2 percent and that it is 
possible to establish the rel itionship between 
the density and the compressive strength of 


eonecerete 


Further temperature and moisture characteristics 
of concrete-curing methods 


Mervitie, Proceedings, Wighway Researc! 
$4, 1954, py Ni 2380 


Pair L 
Board, \ 
AuTHOR's St 

\n investigation previous! 
Highway 
148: see 


reported (Pro 
V. 3i 
‘Current Reviews,” ACI 
1953, Proce. V. 50, p. 180 
was extended to a paving project in southern 


evaluate the 


ccedings Research Joard 


1952, p 


JouRNAL, Oct 


Virginia to relative ability to 


retain moisture and control temperature ot 


five curing methods (1) clear liquid 


membrane seal in a single application, (2) 


clear liquid-membrane seal in two equal 


consecutive applications, (3) white-pigmented 


liquid-membrane seal, (4) white waterprootl 


paper and (5) tan pauper kor 


waterproof! 
the purpose of comparison, slabs without an 
artificial curing were included in the project 

Under the test conditions the order in 
which the methods proved themselves, on 
best able 


the average to retain moisture was 


AMERICAN ¢ 
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(1) white waterproof paper, (2) tan water- 
proof paper, (3) white-pigmented liquid 


rrit mbrane seal (4) dout le lear-membrane 


seal, (5) single clear-membrane seal, and (6) 


no cure 


Records indicate the order of 


iverage 


effectiveness to maintain low and uniform 
temperatures to be (1) white waterprool 
pauper, (2) tan waterprool! paper (3) white- 


pigine nted liquid-membr une seal, (4) clear 
liquid-membrane seal, (5) no cure, and (6) 
I 


double clear-membrane seal 


Structural research 


Testing of columns with uniformly distributed 

transverse loads 

Paut ©. Paris, The Engineering Journa 

V. 37, No. 8, Aug. 1954, pp. 945-949 
Reviewed by Aron I 


Montreal 


Minsky 


J \. Van Broek’s 
Columns Subject to Uniforml 
Loads 
1941; the beam 
Theory, Wiley, 
1942, pp. 236 ff) 


that the 


den Formula IL” 
Distributed 
me The Engineering Journal 
column: Elastic 
New York, 2nd 
which is based On 
deflected 


Transverse 
\I irch 
Ene rqy 
( dition 


the assumption column 


may be presented b a sine curve, Was 


subjected to experimental verification. Re 
sults close 


indicate correspondence between 


theoretical and experimental values; the 
small discrepancies noted in the range 1/ 
55 to 1/7 115 are indicated | 


to be duc to shortcomings ol the 


the author 


testing 


equipment (which, incidentall reviewer 
considers in excellent « “amy le of applied 
engineering) rather than of the theo 
Frost action on small footings 
W. A. Trow, Ontario Hydro Research N Hyd 
Blectric Power Commission of Ontario, V. § No 
j Sept. 1953, pp. 11-1 

fesearch program on control of lrost 
heaving of small footings 18 deseribed, and 
preventive measures proposed. To achieve 


resistance to frost heave, the cross section of 
the portion of the footing within the zone of 
penetration should he «as 


be low the 


frost small 1s 


possible frost zone the base of 


the footing can be enlarged to transmit the 


load safely to the soil Curves giving bearing 


ressures required to prevent footing heave 
| | | 


for rectangular, continuous, square and 


circular footings assist in selection of proper 


looting size 





